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INTRODUCTION 

A constant color correlation between cocoon and blood color is uni- 
versally believed to be a fact; the yellow-cocoon-spinners are always 
yellow-blooded, while the white-cocoon-spinners are white-blooded. The 
blood color is visible through the cuticular coat of the caterpillar, espe- 
cially on the ventral side of the body and on the abdominal legs; so that, 
by observing these, we were led to believe that we could tell exactly of 
what color the cocoon would be. Even in the elaborate studies of my 
revered teacher, the late Prof. Dr. Toyama, and Mr. Tanaka, on the in- 
heritance of cocoon color in the silkworm, the cocoon color was mostly 
determined from the blood color during the larval stage, for fear of losing 
worms incidental to rearing. 

To my great surprise, some white cocoons were accidentally reared 
from a batch which contained yellow-blooded caterpillars only, in the 
autumn of 1916. At first it was thought that they had been taken by 
mistake from other batches; but the yellow color of the blood seen 
through the bodies of those pupae cleared away that doubt. All the indi- 
viduals of the next generation, paired among those yellow-blooded white- 
cocoon-spinners, displayed the same character as their parents, i.e., the 
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yellow-blooded worms produced white cocoons,—this must be a new 
discovery. 

I have ascertained that they are pure bred so far as the color of blood 
and cocoon is concerned, having bred seven generations of this new 
race since then. 

From this fact it can be positively said that the yellow-blooded silk- 
worms do not necessarily spin yellow cocoons. To investigate the rela- 
tion between the blood color and the cocoon color in silkworms I began 
experiments in the spring of 1917, which are not yet completed. Part of 
my work, however, is now accomplished and the following series of ex- 
periments will throw some light on it. 

Before giving details of my investigations, I wish to express my heart- 
felt thanks to Dr. TarsusH1r6 KaGayama, the Director of the STATION, 
and Prof. Dr. Cutyomatsu IsHiKAwa, for their valuable advice and 
their kindness in revising the manuscript. 


MATERIALS, METHODS AND REMARKS 


For brevity’s sake I make use of the following abbreviations : 

YY refers to yellow-blooded yellow-cocoon-spinners, and in some 
cases to the character itself, too. 

YW refers to yellow-blooded white-cocoon-spinners, and in some 
cases to the character itself, too. 

WW refers to white-blooded white-cocoon-spinners, and in some 
cases to the character itself, too. 

I selected the following seven races as materials for hybridizing with 
the yellow-blooded white-cocoon-spinner, which, as already mentioned, 
was newly discovered in our INSTITUTE. 

“Onodahime”’, a Japanese tetra-voltine yellow race which bred true to 

YY for 32 generations ; 
“Seiyo’, a Chinese di-voltine yellow race which bred true to YY for 
6 generations. 

“Tobuhime”, a Japanese di-voltine white race which bred true to WW 

for 14 generations. 


“Shdzan” 

“Simpaku” | Chinese di-voltine white races which bred true to WW 
“Josai” for 7 or 8 generations. 

“Sh6k6”’ 


I adopted the artificial methods of hatching the eggs and thus se- 
cured eight generations in two years. I pursued three methods of hatch- 
ing, (a) immersion in hot water, (b) immersion in dilute or concentrated 
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hydrochloric acid and (c), by electricity. Of these three I can not 
say which was the best, for I obtained quite good results with each of 
them; but it is certain that the worms were a little weaker than those 
naturally hatched and the percentage of worms lost by disease and 
through mistakes while raising, was 3.5 percent to 79.6 percent. 

As to the method of breeding there is nothing particular to say; but 
it may be mentioned here that the worms from each parent were reared 
in a separate basket, so that each lot number in the tables in this paper 
comprises eggs laid by a single parent moth. 


CROSSES BETWEEN YW AND YY 
F, generation 
Reciprocal crosses were made and 2584 F; cocoons were reared. All 
were YY, and I was unable to detect any difference between the pure 
YY parent and the F, hybrids, in the intensity of the yellow color of their 


cocoons. We may conclude, therefore, that YY is perfectly dominant 
over YW. 


F, generation 
The F, generation produced by the F, hybrids above described were 
found to contain YY and YW in the ratios shown in table 1. 


TABLE I 
generation 
nto | YY YW | Totals | YY: YW per 4 

A -17- 956 178 55 233 3.056 : 0.944 
A -’17- 957 184 55 239 3.079 : 0.921 
A ~17- 959 182 53 235 3.098 : 0.902 
A -’17-1099 63 20 83 3.036 : 0.964 
A~1I7-1I01 18 68 248 2.903 : 1.007 
A -’17-1102 165 64 229 2.882 : 1.118 
A ~-’18- 238 187 51 238 3-143 : 0.857 
A ~-18- 239 220 69 289 3.045 : 0.055 
"17-965 170 74 244 2.787 : 1.213 
’~17- 966 211 76 287 2.941 : 1.059 
'~17- 967 163 48 211 3.090 : 0.910 
Total 1903 633 ‘| 2536 3.002 : 0.998 

a = + 0.002 E,, = = 0.023? 


1A’ is the reciprocal hybrid of A. Hereafter in every table x and x’, in general, 
means the same relation as A to A’. 
2a@ = deviation from expectation; E = probable error of the mean, 


0.6745 X standard deviation | To 
= » 
Vnumber of individuals Vn 


Genetics 4: § 1919 


i 
a 
chew 
| 
| 
| 


308 HAJIME UDA 


Thus, it is seen that in F, both of the reciprocal hybrids segregated in 
the ratio 3YY:1YW. 


F, generation 

It was found that YW in the former generation produced 1127 YW 
offspring without a single exception in the six batches raised. 

Some of the YY in F, produced exclusively YY offspring and the 
others were found to segregate in the ratio 3YY : 1YW, as shown in 
table 2. 

But the ratio between those which bred true to type in F;, and those 
which segregated in the ratio 3 : 1, can not be readily ascertained be- 
cause of their inability to self-fertilize. 


TABLE 2 
generation 
" of F, YY YW | Totals | YY : YW per 4 
B,-’18- 45 ej 192 — 192 
B,-’18- 46 172 172 
B,-’18-212 YY 68 68 
B,-’18-214 Ze 244 244 
Total 676 — 676 
B,-’18- 47 YY 154 52 206 és 2.990 : I.010 
B.-’18- 48 YY III 43 154 2.883 : 1.117 
B,-’18-206 ¥Y 64 22 86 2.977 : 1.023 
B.-’18-207 vy 83 27 110 3.018 : 0.982 
B,-’18-211 YY 160 62 222 2.883 : 1.117 
Total 572 206 778 2.941 : 1.059 
a= + 0.059 E m = > 0.042 a/E,, = 2.405 


Back crosses 
I back-crossed the cross-bred form with both of the pure parent breeds, 
and found F, & YY and its reciprocal produced 516 YY only. 
In the case of F, X YW (C) and its reciprocal (C’) a segregation 
occurred in the ratio rYY : 1YW as table 3 shows. 


TABLE 3 
Lot No. ¥¥ YW Totals YY : YW per 4 
C -’17-1103 73 60 133 2.195 : 1.805 
C -’17-1104 110 IOI 211 2.085 : 1.915 
17-1105 22 31 53 1.660 : 2.340 
"17-1106 64 75 139 1.842 : 2.158 
'~17-1121 30 33 63 1.905 : 2.095 
Total 299 300 509 1.097 : 2.003 
a = + 0.003 E,, = = oss 
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CROSSES BETWEEN YW AND WW 
Although the WW used here in my experiment are pure in both blood 
and cocoon, being white in color, our experiments revealed three dif- 
ferent results. 
The following series of experiments show these distinctly. 


CASE I 
F, generation 
All 3372 F,’s produced from reciprocal ways were YY. We could not 
detect any visible variation in the intensity of the yellow color in the 
cocoons of YY F,’s; more than this they took after the pure bred YY. 
Therefore a new character YY appeared on crossing YW with WW. 


F, generation 
As table 4 shows, in the F, generation we had YY, YW and WW in 
the ratio of 9: 3: 4. 


TABLE 4 
F, generation 
. No. 

YY | YW | WW | Totals) YY: YW: WWper16 
D -’17-924 114 41 60 | 215 8.484 : 3.051 : 4.465 
D -’17-925 152 41 72 265 9.177 : 2.475 : 4.347 
D -’18-172 84 31 42 157 8.561 : 3.159 : 4.280 
D -18-173 155 54 68 277 8.953 : 3.119 : 3.928 
D -’18-174 130 32 70 232 8.966 : 2.207 : 4.828 
D -’18-175 213 73 89 375 9.088 : 3.115 : 3.797 
D -’18-176 195 61 82 338 9.231 : 2.888 : 3.882 
D -’18-178 126 50 54 230 8.765 : 3.478 : 3.757 
D -’18-179 104 27 44 175 9.509 : 2.469 : 4.023 
D -’18-604 80 38 41 159 8.050 : 3.824 : 4.126 
D -’18-605 118 33 42 193 9.782 : 2.736 : 3.482 

’~’17-940 97 21 41 150 9.761 : 2.113 : 4.126 

'~17-O41 99 37 53 189 8.381 : 3.132 : 4.483 
D’-’17-942 123 46 58 227 8.670 : 3.242 : 4.088 

’~ 18-192 88 30 39 157 8.968 : 3.057 : 3.075 

’~18-606 66 28 31 125 8.448 : 3.584 : 3.068 

Total 1944 643 886 3473 8.956 : 2.962 : 4.082 
a(YY)—=—0.044 E,,(YY)=+0.0918 


a(YW)=—0.038 E,,(¥W)=+0.071 
a(WW)=-+0.082 E,,CWW)=+0.079 a(WW)/E WW) =1.038 
3a(YY), and E,, (YY) mean, respectively, the deviation and the probable error 
in the YY group. The other symbols bear corresponding relations to the groups 
designated. 
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F, generation 


WW in the former generation bred true to its type, producing 1277 
WW in four batches; while in both YY and YW, some segregated in 
the ratios shown in table 5. 


TABLE 5 
Charac- F, generation 
Lot No. ter of - 
F, YY YW WW | Totals Ratios 
E,"18- § YY 253 253 
E,-’18-148 200 200 
E,-’18-151 137 — 137 
Total 720 720 
E,-’18- 6 Ze 105 38 — 143 2.937 : 1.063 
E,-18-152 bb 4 gI 33 — 124 2.935 : 1.065 
E,-’18-430 YY 131 42 a 173 3.029 : 0.971 
Total 327 113 — 440 2.973 : 1.027 
a= +0.027 E._=+0.056 
E,-’18- 1 160 54 214 2.991 : 1.009 
E,-"18- 7 YY 268 112 380° 2.821 : 1.179 
E,-’18-149 74. 23 97 3.052 : 0.948 
Total 502 _ 189 601 2.906 : 1.094 
a=+0.094 ,=+0.044 =2.136 
E,"18- 2 33 55 198 8.889 : 2.667: 4.444 
E,-’18-147 i 93 25 33 151 9.854 : 2.649 : 3.497 
E,-’18-150 a 34 10 II 55 9.891 : 2.909 : 3.200 
Total 237 68 99 404 9.386 : 2.693 : 3.921 
a(YY)=+0.386 E,,(YY)=+0.266 a(YY)/E,, (YY )=1.451 
a(YW)=—0.307 E,,(YW)=+0.210 a(YW)/E, (YW)=1.462 
a(WW)=—0.079 E,, (WW) =+0.233 
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E,-’18-431 YW 136 136 
E,-’18-432 YW — 203 — 203 All YW 
E,-’18-433 YW 178 178 
Total a 517 = 517 
E,-’17-1024 YW - 44 20 64 2.750 : 1.250 
E,’18- 8 YW — 336 88 424 3.170 : 0.830 
E,-"18- 12 YW -- 247 81 328 3.012 : 0.988 
Total = 627 189 816 3.074 : 0.926 
a=+0.074 E +0041 a/E, =1.805 


Thus we see that there are four types in the genetical constitution of 
YY, though they are alike in appearance, and two types in the YW 
group of the F, generation. 


YY and YW occurred in the ratio of 1 : 


Back crosses 
(a) F, X YW(F) and its reciprocal (F’) 


I as shown in table 6. 


TABLE 6 
Lot No. YY YW Totals YY : YW per 4 
F -’17- 932 125 146 271 1.845 : 2.155 
F -17- 933 131 139 270 1.941 : 2.059 
F -’17- 948 80 78 158 2.025 : 1.975 
F -’17- 949 102 117 219 1.863 : 2.137 
F -’17-1032 128 90 218 2.349 : 1.651 
F -’17-1038 59 56 It5 2.052 : 1.948 
F -18- 646 29 42 71 1.634 : 2.366 
'"17- 934 106 69 175 2.423 : 1.577 
’17- 935 108 gI 199 2.171 : 1.829 
F’~’17- 950 61 67 128 1.906 : 2.094 
’"17- O51 74 62 136 2.176 : 1.824 
’17-1039 50 56 106 1.887 : 2.113 
F’-’17-1042 51 62 113 1.805 : 2.195 
’~17-1090 47 44 gI 2.066 : 1.934 
’"18- 647 28 29 57 1.965 : 2.035 
Total 1179 1148 2327 2.027 : 1.973 
a=+0.027 E,,=+0.028 


(b) Fi X WW (G) and its reciprocal (G’) 


In this case YY and WW occurred in the ratio 1 


Genetics 4: S 1919 


: I, as table 7 shows. 


i 
i 
Ff 
be 
4 
| 
| 
| 
2 . - 


Pe 402 HAJIME UDA 


TABLE 7 
Lot No. i Ww Totals YY : WW per 4 
G-’17- 928 228 187 415 2.198 : 1.802 
G~17- 929 200 173 373 2.145 : 1.855 
G~-'17- 944 168 164 332 2.024 : 1.976 
G~-17- 945 139 137 276 2.014 : 1.986 
G-’17-1124 192 214 406 1.892 : 2.108 
G-'18- 633 50 57 107 1.869 : 2.131 
G -’18- 639 III 125 236 1.881 : 2.119 
G-’18- 640 55 47 102 2.157 : 1.843 
G-'18- 642 121 109 230 2.104 : 1.896 
G -’18- 643 80 102 182 1.758 : 2.242 
G-'18- 652 75 82 157 I.QII : 2.089 
G-'18- 658 go 88 178 2.022 : 1.978 
'~17- 930 113 110 223 2.027 : 1.973 
'17- 931 122 134 256 1.906 : 2.004 
G’-’17- 946 146 137 283 2.064 : 1.936 
'17- 947 169 140 309 2.188 : 1.812 
'’17-1949 87 78 165 2.109 : 1.891 
G’-’17-1050 110 127 237 1.857 : 2.143 
"18-42 129 164 293 1.761 : 2.239 
G’-’18- 634 72 64 136 2.118 : 1.882 
’"18- 635 83 63 146 2.274 : 1.726 
644 81 70 2.146 : 1.854 
Total 2621 2572 5193 2.019 : 1.981 
a=+0.019 E,,=—+0.019 
CASE II 


F, generation 


In contrast to case 1, the YW in this case was entirely dominant over 
WW,—all the 3075 F,’s made in both reciprocal ways were YW. 


F, generation 


As table 8 shows, simple Mendelian segregation occurs in the F, 
generation. 


F, generation 
Out of seven batches of the WW group, I reared 1650 white cocoons, 
i.e, WW bred true to its type. But the YW group did not always do 
so. Out of the six batches reared two segregated in the ratio of 3YW : 
i 1 WW, as the following table shows. 


« 
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8 
F, generation 
aot me YW Ww Totals | YW: WW per 4 
a H -’17-1027 103 27 130 3.169 : 0.831 
H-18- 182 277 120 307 2.791 : 1.200 
H-18- 183 219 82 301 2.910 : 1.090 
H-’18- 184 206 71 277 2.975 : 1.025 
H -"18- 185 260 79 339 3.068 : 0.932 
H -’18- 718 126 43 169 2.982 : 1.018 
H-’18- 719 167 63 230 2.904 : 1.096 
H -’18- 720 118 36 154 3.065 : 0.935 
'17-1075 49 15 64 3.063 : 0.938 
’”17-1081 47 15 62 3.032 : 0.968 
H’-’18- 193 154 50 204 3.020 : 0.980 
’~18- 194 233 66 299 3.117 : 0.883 
H’-’18- 195 181 69 250 2.896 : 1.104 
Total 2140 736 2876 2.976 : 1.024 
a=+0.024 E, =+0.022 a/E, =1.091 
TABLE 9 
F, generation 
stale YW | WW | Totals | YW: WW per 4 
I,-’18- 13 186 186 
I,-’18- 14 213 — 213 All YW 
I,-’18-153 102 102 
I,-’18-449 251 251 
Total 752 —_ 752 
I,-’18-446 63 20 83 3.036 : 0.964 
I,-’18-588 139 39 178 3.124 : 0.876 
Total | 202 590 261 3.006 : 0.904 
a=+0.096 a/E, =1.433 


Back crosses 
I back-crossed the cross-bred form with both of the pure parent breeds, 
and found F, & YW and its reciprocal produced 1958 YW only. In 
the case of Fi & WW (J) and its reciprocal (J’) a segregation occurred 
in the ratio of 1YW : 1WW as shown in table tro. 


CASE 3 
F, generation 7 

Differing from both case 1 and case 2, YY and YW occurred in the 
ratio of I : I even in the F, generation. : 
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TABLE 10 

Lot No. YW WW | Totals | YW: WW per 4 
J -’18-199 108 92 200 2.160 : 1.840 
J -'18-712 48 37 85 2.259 : 1.741 
J’-’18-702 65 54 119 2.185 : 1.815 

Total | 221 183 404 2.188 : 1.812 

a==+0.188 E = +0.067 a/E, =2.806 
TABLE II 
F generation 

Lot No. 

sais YY | YW Totals YY : YW per 4 
K -’18-240 102 114 216 1.889 : 2.111 
K -’18-525 39 36 75 2.080 : 1.920 
K -’18-527 28 36 64 1.750 : 2.250 
K -’18-528 46 | 35 81 2.272 : 1.728 
K -’18-550 1290 | 105 234 2.205 : 1.795 
K -’18-569 137. | 164 301 1.821 : 2.179 

'17-523 23 18 41 2.244 : 1.756 
K’-’18-490 64 63 127 2.016 : 1.984 

18-553 164 155 319 2.056 : 1.944 
K’-’18-570 108 | 118 226 1.912 : 2.088 

Total 840 | 844 1684 1.995 : 2.005 

a= 0.005 E,,=+0.033 


F, generation 


YY and YW as in the F,, segregated in the ratios shown in table 12. 


TABLE 12 
Charac- F, generation 
Lot No. ter of 
YW WW Totals Ratios 
L,-’18-723 ¥Y 29 II 22 62 7.484 : 2.839 : 5.677 
’,-’ 18-708 YY 76 25 33 134 9.075 : 2.985 : 3.940 
Total 105 36 55 196 8.571 : 2.939 : 4.490 
a(YY=—0.429 E.,(YY)=+0.382 a(YY)/E, (YY)=1.123 
a(YW)=—0.061 E,,(YW)=+0.301 


a(WW)=-++0.490 


E WW) =+0.334 


a(WW)/E,, (WW)=1.467 


L, -’18-722 YW 141 41 182 3.099 : 0.901 

L’,-’18-709 YW — 75 19 904 3.191 : 0.809 

Total _— | 216 | 60 276 3.130 : 0.870 
a=+0.130 E_=+0.070 a/E =1.857 
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Thus it is seen that case 3 showed practically the same results from 
the YY as in case 1 and from YW as in case 2. 


Back crosses 


There were two types in the F, generation as above mentioned, so in 
back-crossing the cross-bred form with both of the pure parent breeds 
there are four cases, as shown in the following tables. 


(1) Fi(YY) xX YW 
In this back-crossing practically the same results were obtained as in 
the back-crossing in case I. 


TABLE 13 
Lot No. : +f YW Totals Ratio 
M-’18-710 71 96 167 1.701 : 2.299 
M-’18-725 164 172 336 1.952 : 2.048 
Total 235 268 503 1.869 : 2.131 
a=+0.131 E,,=+0.060 a/E, =2.183 


(2) Fx(YW) X YW 


In this case there were 381 YW only, without a single exception. This 
is quite parallel to the back-crossing in case 2. 


(3) Fi(YY) WW 
Here there was a very interesting result. Three different types of 
segregation were observed : 
(a) 1YY : 1WW 
(b) rYY : 2WW 
(c) 3YY: 1rYW: 4WW 
Among these (a) is a case quite parallel to the back-crossing in case 1, 
and both (b) and (c) are newly observed ratios. 


TABLE 14 
Lot No. Ty YW Ww Totals Ratios 
N, -’18- 457 105 — 120 225 1.867 : 2.133 
N, -’18- 458 144 139 283 2.035 : 1.965 
N’,-’18- 459 163 _ 154 317 2.057 : 1.943 
Total: 412 — 413 825 1.998 : 2.002 
a=+0,.002 E +0.047 
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TABLE 14 (continued) 
N, -’18- 469 25 31 68 124 0.806 : 1.000 : 1.194 
N. -’18- 470 | 24 | 34 45 | 103 | 0.932 : 1.320: 1.748 
Total 49 65 113 227 a 0.863 : 1.145 : 1.991 
a(YY)=—0.137 E,, (YY) =+0.078 a(YY)/E, (YY)=1.756 
a(YW)=+0.145 E,, (YW)=+0.078 a(YW)/E,, (YW)=1.859 
a(WW)=—©.009 E,,(WW)==+0.090 
N; -"17- 937 145 | 55 186 | 386 6.010 : 2.280 : 7.710 
N;-17- 953 122 | 28 140 | 290 6.731 : 1.545 : 7.724 
N; -’17-1056 113 43 159 | 315 5.740 : 2.184 : 8.076 
N; -’17-1058 135 42 173, 350 6.171 : 1.920 : 7.909 
N, -’17-1200 83 36 13 | 250 5.312 : 2.304 : 8.384 
N; -’17-1201 109 39 139 | 287 6.077 : 2.174 : 7.749 
N,-’18- 200 81 22 I2r | 224 5.786 : 1.571 : 8.643 
N’;-’17- 939 135 35 177 | 347 6.225 : 1.614 : 8.161 
Total 923 300 1226 2449 6.030 : 1.960 : 8.010 


a(YY)=-+0.030 
a(YW)=—0.040 
a(WW)=+0.010 


E,, (YY)==+0.106 
E,,(YW)=+0.072 
E,, WW) ==0.109 


(4) F.(YW) WW 


As in the former case, three types of segregation were also found here. 
(a) 1YY : 1WW 
(b) rYW : 1WW 
(c) rYY: rYW: 2WW 
These interesting ratios will be discussed in a later section (page 409). 


TABLE I5 
Lot No. ¥Y¥ YW Ww Totals Ratios 
O, -’17-1051 31 — 31 62 2.000 : 2.000 
O, -’17-1052 76 vos 64 140 2.171 : 1.829 
Total 107 _ 95 202 2.119 : 1.881 
a=+0.119 E_ =+0.095 a/E,, =1.253 
O, -’18- 714 — IOI 82 183 2.208 : 1.792 
O’,-’17-1096 _ 41 32 73 2.247 : 1.753 
Total — 142 114 256 2.219 : 1.781 
a= +0.219 E,,=+0.084 a/E,, =2.607 
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TABLE 15 (continued) 


O, -’17-1060 78 63 14I 282 1.106 : 0.894 : 2.000 
O, -’17-1063 80 101 180 361 0.886 : 1.119 : 1.904 
O, -’17-1094 61 62 119 242 1.008 : 1.025 : 1.967 
O';-’18- 727 74 62 121 257 | 1.152 : 0.965 : 1.883 
Total 293 | 288 561 | 1142 | 1.026 : 1.009 : 1.965 
a(YY)=+0.026 E,, (YY)=+0.035 
a(YW)=-+0.009 E,, (YW) =+0.035 
a( WW) =—0.035 E,,(WW)==0.040 


CROSSES BETWEEN YY AND WW 
As in the former paragraph, our experiments revealed three different 
results in spite of the purity of WW used here, remarkable on account of 
both blood and cocoon being white. The following tables will explain 
these results. 
CASE I 
All F,’s,—171 cocoons were yielded,—were YY, and they segregated 
in the ratio of 3YY : 1WW in the next generation. 


TABLE 16 


| F,, generation 
Lot No. | 


Ww Totals Ratios 
P-’17-1189 208 60 268 3.104 : 0.806 
P-’17-1190 270 67 337 3.205 : 0.795 
P-’17-1191 231 104 335 2.758 : 1.242 
Total 709 231 940 3.017 : 0.983 
a=+0.017 E +0.038 
CASE 2 


All F,’s,—191 cocoons were yielded,—were YY as in the former 
case, but they segregated in the next generation in the ratio of 9YY : 
3YW : 4WW instead of 3YY : 1WW. 
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TABLE 17 
F, generation 
mean YY | YW] WwW | Totals Ratios 
Q-'18-274 286 55 105 446 10.260 : 1.973 : 3-767 
Q-’18-275 182 55 95 332 8.771 : 2.651 : 4.578 
Q-'18-277 241 85 123 449 8.588 : 3.029 : 4.383 
Q-'18-278 258 04 IIo 462 8.935 : 3.255 : 3.810 
Q-’18-279 181 69 86 336 8.619 : 3.286 : 4.005 
Q-’18-280 220 84 116 420 8.381 : 3.200 : 4.419 
Total 1368 442 635 2445 8.952 : 2.892 : 4.155 
a(YY)=—0.048 E,,(YY)=+0.108 
a(YW)=—0.108 E,,(YW)=+0.085 a(YW)/E, (YW)=1.271 
a(WW)=+0.155 E,,(WW)=+0.0905 a(WW)/E, (WW)=1.589 
CASE 3 


The 295 F; cocoons were all YY as in the former two cases, but two 


types of segregation in the F, generation were found, as shown in table 


18. 
TABLE 18 
F, generation 

Lot No. | ¥w] WW | Totals Ratios 
R,-’ 18-298 326 128 454 2.872 : 1.128 

Total 326 — 128 454 2.872 : 1.128 

a=+0.128 E,,=+0.055 @/E ==2.327 

R,-’18-295 210 69 115 394 8.528 : 2.802 : 4.670 
R,-’18-296 178 74 69 321 8.872 : 3.688 : 3.4390 

Total 388 143 184 715 8.683 : 3.200 : 4.117 
a(YY)=—0.317 E,, (YY)=+0.200 a(YY)/E, (YY)=1.585 
a(YW)=-++0.200 E,, (YW) =+0.158 a(YW)/E,, (YW) =1.266 


a(WW)=+0.117 E,,(WW)=+0.175 


SILK GLANDS OF YY, YW AND WW 

If we cut the back of a mature worm, we find that a pair of silk glands 
fills up nearly the whole space of the body cavity and looks yellowish or 
whitish according to their blood color. Though no distinction in the 
Telative intensity of the yellowish color of the blood between YY and 
YW can be seen with the naked eye, we can easily distinguish the silk 
gland of YY from that of YW by its deep yellow. The distinction be- 
comes far more obvious if examined in the following manner. Cut the 


408 
‘ 
| 


BLOOD COLOR AND COCOON COLOR IN SILKWORMS 409 


middle division of the gland with a knife, hold its anterior part firmly 
between two fingers, suspend it, and pull out the liquid silk carefully 
from the gland-lumen with the tip of a pincette, then we can separate the 
transparent silken column from the gland proper. 

The silken column of YY thus obtained is deep yellow, while that of 
YW is white; and further we see that both of their glands proper are 
equally tinged with light yellow. 

From these observations, the two following conclusions can be drawn: 

(a) The color of the liquid silk is quite in accordance with the color 

of the cocoon fibre irrespective of the blood color; and 

(b) The gland proper is equally tinged with light yellow in the yellow- 

blooded silkworms no matter whether their cocoon fibre spun 
be yellow or white. 


GENERAL CONSIDERATIONS 


In considering the general hereditary phenomena above mentioned, 
in the first place, the numerical ratios obtained in the experiments may 
be regarded as trustworthy; for in most of them the deviations from 
expectation are smaller than the probable errors, and even in the re- 
verse cases the deviations are far smaller than 3 times the probable er- 
rors. In the second place, it will be noted that, in disagreement with the 
studies of Toyama and of Tanaka, two factors are necessary to yield 
the yellow cocoons, as shown by a glance at the yellow-blooded white- 
cocoon-spinners and their silk glands, i.e., YW. 

As shown in case I of the crosses between YW and WW, we had YY 
only in the F, generation and 9YY : 3YW : 4WW in F;. All that is 
essential to the production of this ratio in F, is that F, be heterozygous 
for two factors, of which one is perceptible whenever existent, while the 
other needs the existence of the first one in order that its own effect may 
be manifested. Here we represent by C and Y two factors or genes for the 
yellow-blooded yellow-cocoon-spinners. Whenever C exists, we see the 
blood colored ; while Y alone is not perceptible, but the yellow cocoons are 
produced by the yellow determiner, Y, only when C is present. Then we 
have the formula CCYY for YY and CCyy for YW.* In the crosses be- 


#Since the completion of this manuscript, a report by Miss L. C. Maupe on 
the color characters of the cocoons of the silk-worm appeared in the August number 
of the Proceedings of the Zoological Society of London, 1918. Miss Maupe did not 
determine the color character of the cocoons during the larval stages, but examined 
the cocoon colors only, and tried to represent the character of the yellow by a factor 
Y, and that of the flesh by a factor F. 

As regards the various colors of the cocoons with the exception of the yellow dealt 
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tween YW and YY we have therefore CC Yy in F, and consequently in 
F. we should have the segregation of the simple three-to-one sort. This 
expectation has been fully realized. There will be no need of illustrating 
the segregating phenomena in F; and back-crossing of F, with both of 
the pure parent breeds, which are shown in tables I to 3. 

Three formulae may be conceived for WW, namely, ccY Y, ccyy and 
ccY y, but possessors of these three formulae apparently can not be dis- 
tinguished one from another; consequently, in the crosses between YW 
and WW, and between YY and WW, we ought to have three cases which 
may be put briefly in tabular form as follows: 

The Arabic numerals in parenthesis denote the number of individuals 
having the indicated genotypic constitution. 

If we look at the genetic constitutions of YY, YW and WW of F, 
generation enumerated above, it will be easily seen that our expectations 
in F; should be as follows: 

1. An F; generation produced by YY should be of four kinds, namely, 
those breeding true to YY (CCYY xX CCYY; CCYY xX CCYy; 
CCYY CcYY;CCYY X CcYy; CcYY XCCYy) ;° those segregating 
in the ratio of 3YY:1YW (CCYy X& CCYy; CCYy X CcYy); those 
segregating in the ratio of 3YY : 1IWW (CcYY X CcYY; CcYY X 
CcYy); and those segregating in the ratio of gYY : 3YW : 4WW 
(CcYy X CcYy). 

2. An F; generation produced by YW should be of two kinds, namely 
those breeding true to YW (CCyy X CCyy; CCyy & Ccyy), and those 
segregating in the ratio of 3YW : IWW (Ccyy X Ccyy). 

3. An F; generation produced by WW should all breed true to WW, 
though their genetic constitutions might differ. 

These expectations were all fulfilled as is shown in table 5. 

The results from the back-crossing of F, with both of the pure parent 
breeds still further support our conclusions, but there is no need of 
detailed explanation, for tables 6 and 7 give sufficient proof. 

These tabular expectations were also completely fulfilled as shown in 
tables 15 to 18. 

It is thus clear that all of the new observations are explained if two 
with in the present paper, many experiments have been already carried out, which 
although not yet completed, make it possible to siate with certainty, that the flesh 
color of the cocoons is produced not only by the factor F as Miss MAune is inclined 
to think, but by the presence of another factor which we call C. 

Descriptions of the results obtained by these experiments as well as discussions 


upon them will be treated in a separate paper. 
5 These comprise all the possible crossings which may yield the mentioned F.. 


4 
4 
| 
| 
| 


(¥) 
(1) (z) 
(1) &€99 (1) (1) (1) (1) AAIID 
MMI = MAE MMP MAE: AAG 
| q | 
«499 
MM X MA 
III 


(1) (Z) £499 
(1) (1) (1) (1) MDD (1) AAID 
‘des 
| 
II I 


MM pue MA (Y) 


SWYOMNTS NI X0109 NOOI0D GNV GOOTd NOLLVTAN AHL NO 


va 

| 

= 

4 

{ 

2 


(1) 
(z) 
(1) 4499 
MM? 


| 


6161 S Zit SOLANA!) 


£429 &429 
AAD (1) (z) 
(z) (Zz) ADD (Z) (z) ZAID (z) 4499 
(1) 99 (1) AADD (1) (1) (1) (1) AAIDID (1) (1) 
MAE AKO MMI ARE MMP: MAE MMI 
| | | | 
(€499 + 4499) 
AA AA eee a 
| | 
MM X AA MM X AA MM X AAT 
III II J 


MM AXA sasso1g 


SWYOMM HS NI NOODOD UNV NOLLVTAY AHL NO 


\ 
- 
ay, 
: 

| 
i 
H 
4 
i 
| 

q 


BLOOD COLOR AND COCOON COLOR IN SILKWORMS 413 


factors or genes are assumed to be necessary for the production of the 
yellow cocoon, one of these factors being perceptible whenever present, 
giving the blood a yellow color, while the other needs the presence of the 
first in order that its own effect may be seen by making the cocoon yel- 
low also. In the words of SHULL (1908) the relation of these two fac- 
tors represents a case of “latency due to separation,” since patency is 
brought about by recombination of C and Y. The F, ratio 9:3: 4, 
consequent upon the above presumption, recurs very frequently in Men- 
delian analyses. 

In general, for instance, we assume two genes X and Y, and that X isa 
gene which, independently of other known factors, produces a perceptible 
effect, and that Y needs the presence of X in order that its own effect 
may be manifested. Although there is no apparent distinction in the 
pure-bred +1—, they differ genetically with respect to the gene Y, as- 
suming the three types rx YY, rryy and But very few investi- 
gators have shown this relation systematically, though there are many 
elaborate studies on the “compound characters,” the “plural genes” or 
“several types of latency.” So I shall discuss it somewhat more par- 
ticularly. 

In the spring of 1917, I made reciprocal crosses between a Chinese 
di-voltine white race called “Shdzan” and the F; hybrid of YW and YY 
already mentioned. The former had been bred true to WW since 1914, 
and the latter is doubtless CCYy in its genetic constitution if our theory 
is right. From this crossing the following results were obtained. 


TABLE 19 
Lot No. eg YW Totals | YY’: YWper4 a E,, 
S -’17-961 367 367 All YY 
S -’17-960 186 190 376 1.979 : 2.021 +0.021 0.070 
S’-’17-962 317 317 All YY 
'17-971 303 106 409 2.963 : 1.037 +0.037 +0.058 


These various results will be clearly understood if three kinds of 
genetical constitution are assumed in the “Shdzan,” namely, the “Shdzan” 
used in No. 961 and No. 962 is ccY Y and that of No. 969 is ccyy and 
that of No. 971 is ccYy. These results show that there are three kinds 
of WW even in a race which is supposed to be one. 

The results above mentioned may, on other points of view, be ex- 
plained by the relation of activity between one character and its antagon- 


Genetics 4: S 1919 


| 

| 

y 


414 HAJIME UDA 


istic character according to DE VRIES, or by the same genesis which 
causes the modification of genetic factors, which incidentally results in 
a change from homozygosis to heterozygosis as EMERSON illustrated in 
variegated ears of maize. 

But we consider that these discussions treat rather of the origin of the 
gene Y; so we shall only lightly touch them. Here I will confine myself 
to the statement that the three distinctions in WW were in existence, 
though not discovered up to the present; further, that we can find no 
modification between ccY Y and ccyy, and that there is no change from 
each of them to ccYy which was ascertained by crossing them with CCyy 
for six generations in succession. 


SUMMARY 

1. A new race in Bombyx mori which spins white cocoons notwith- 
standing the fact that its blood is yellow, was found by crossing inter se, 
to breed true to its type. 

2. The color of the liquid silk is quite in accordance with the color 
of the cocoon fibre, irrespective of blood color, and the gland proper is 
equally tinged with light yellow in the yellow-blooded silkworms, no 
matter whether their spun cocoon fibre be yellow or white. This dis- 
agreement of the blood color of the silkworms and that of cocoons re- 
quires necessarily and sufficiently two factors or genes, C and Y, to yield 
the yellow cocoons. 

3. The gene C is perceptible, whenever present, by making the blood 
yellow, while the other, Y, alone, is not perceptible. But it is necessary 
for the yellow determiner Y to exist with C to yield the yellow cocoons. 
This supposition has been fully sustained by the examination of the F,, 
F,, F, and back crosses of the F, hybrid with both of the pure parent 
breeds, in crosses between YW and YY, between YW and WW, and 
between YY and WW. 

4. Although there is no apparent distinction in pure bred WW, they 
differ genetically with respect to the gene Y, assuming the three types 
ccYY, ccyy and ccYy. This fact has been fully demonstrated in a Chi- 
nese di-voltine white race called “Shdzan” which had been bred true to 
WW since 1914. 

5. Two kinds of WW, namely, ccY Y and ccyy, were found by cross- 
ing inter se to breed true to their types. No modification was found be- 
tween ccY Y and ccyy and no change from either of them to ccY y, which 
was ascertained by crossing them with CCyy for six generations in suc- 
cession. 
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INTRODUCTION 


In a former publication on weather in relation to fruitfulness in the 
plum (Dorsey 1919) it was shown that during bloom weather condi- 
tions may be such as alone to prevent the setting of fruit. It was further 
emphasized that, aside from the total effect of weather, certain single 
factors of it, acting in the extreme, might be singled out as being respon- 
sible for the failure of fruit to set. Weather conditions were shown to 
have their most immediate influence on such processes as dehiscence, 
pollination and fertilization. These conclusions are further supported by 
the variation in the extent of the second drop from year to year which 
can in general be correlated with weather conditions at bloom. 

Aside from the influences affecting the functioning of the organs of re- 
production which can be assigned to interference from weather or from 
the environment, there are others having a direct bearing upon repro- 
duction, and hence upon fruitfulness, which appear to act within the germ 


plasm and are therefore inherent. An investigation of these influences 
forms the basis of this report. 


THE STATUS OF SELF-STERILITY IN THE PLUM 

Former investigators have dealt primarily with the economic phase of 
sterility. Tests have been made in Prunus americana, P. Besseyi, P. 
hortulana, P. nigra, and P. triflora, by WAuGH (1896, 1897, 1898, 1899), 
Gorr (1894 and 1901), HEmmEMAN (1895), WAITE (1905), and others. 
These show that the cultivated varieties of native species, with two ex- 
ceptions, New Ulm (Herpeman 1894) and Robinson (WauGH 1898), 
are self-sterile. A similar condition was found in some of the Sweet 
Cherries by GARDNER (1913). On the other hand, the work of Back- 
HOUSE (I9QII1 a, b), Peters (1916), and Sutton (1918), shows that in 
P. domestica only about one-half of the varieties are self-sterile. 
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It should be stated here that self-pollination and self-sterility are used 
with reference to the clone. Self-pollination in botanical usage refers to 
the transfer of pollen from an anther to the pistil of the same flower. In 
horticultural usage self-pollination has a broader sense and includes the 
transfer of pollen from any flower borne by a variety to any pistil of the 
same variety. Likewise self-sterility refers to the clone rather than to 
the flower or individual plant. 

Since self-sterility has been found to be so prevalent, considerable in- 
terest centers around the -reliability of the tests which have been made. 
WaucGH (1898) discusses this phase of the subject in some detail and 
concludes that the method used,—that of covering the blossoms with 
paper bags or other material,—is reliable. His conclusions agree with 
those of WaITE (1894) and Beacu (1898, 1899). This point was con- 
sidered of sufficient importance to be checked further by different meth- 
ods on account of its commercial as well as its scientific bearing. The 
data obtained in this test are presented in table 1. Bags were not used 
either on the trees grown in tubs in the greenhouse or on those tented in 
the orchard, so that any adverse influence the bags may have had in pre- 
vious tests was eliminated in these. ALDERMAN (1917) in sterility 
studies in the apple, followed a similar method by covering the entire 
tree with muslin. 

It will be noted that P. americana, P. americana mollis, P. Besseyi, 
P. domestica, P. hortulana, P. nigra, and P. triflora are represented in 
this table. The results with the trees under the tent as well as with those 
in the greenhouse agree with those previously reported and show that 
self-sterility is the outstanding feature of all the varieties included in 
these tests and that it is constant in expression. Considering the num- 
bers under observation, the few exceptions found may be regarded as 
within the limits of experimental error, and it is even possible that some 
may have been self-fertilized, since, as will be shown later, pollen-tube 
growth takes place under these conditions. It appears safe to conclude 
therefore that the general condition in this genus has been correctly re- 
ported. 

Since self-sterility is so general in the plum, cross-pollination. except 
as noted in certain varieties of P. domestica, is essential to fruitfulness. 
This makes it necessary to give careful attention to the blossoming-dates 
ef varieties used as pollenizers. Such a classification of varieties has 
been compiled by a number of workers: WaucuH (1896, 1898, 1900) ; 
Gorr (1901); HepricK (1908), and others. In addition to planting 
pollenizers which bloom at the same time as the variety to be pollinated, 
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TABLE I 
Showing the degree of self-sterility in selected varieties and species tested in the 
greenhouse and tented in the orchard as a check to the 
method previously used. : 
Condition of growth of/No. of flow- No. of No. of 
Variety trees, in self-pollina- | ers polli- fruits fruits 
tion tests nated set mature | 
Burbank In greenhouse Entire tree 6 fe) : 
Compass Entire tree 1 
Minnesota No. 61 185 I 
“ “ 352 “ “ 84 2 oO 
Yellow Egg | 10 4 
Minnesota No. 8? Tented in orchard, 1915 Entire tree o ° H 
Compass “ |Entire tree re) 
P. Besseyi, Tree No. “ “ 281 I : 
1 Cross between Burbank and Wolf. - 
2Cross between Abundance and Wolf. : 
3 Large percentage of pistils aborted. 
4 The tents covering these trees blew off during a heavy rain on May atst. I 
the effectiveness of the variety selected as a pollenizer, or the mutual 
“affinity” with the variety to be pollinated, must be determined. WauGH 
(1899), Hememan (1895) and others have given this point some study. 
It is sufficient to state here that while there are differences in the effec- 
tiveness of pollenizers, inter-sterility has not been found to be extensive 
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in the varieties of the native species, although P. domestica cannot be 
pollinated successfully with the native varieties. From the economic 
standpoint, therefore, the essential facts in the control of sterility in 
orchard plantings as a means of avoiding crop failure are already well 
understood. 

It may be stated at this point that unfruitfulness is not considered 
herein from the standpoint of injury due to fungous diseases and insects. 

Since the prospect of a crop, so far as the setting of fruit is concerned, 
may be determined by inspection as early as the five- or six-week period 
after the time of bloom, it will be seen that the problem of sterility, 
while limited in point of time, covers that period in the life cycle when 
delicate sex structures must not only form but must function. Conse- 
quently greatest emphasis has been given to this period in order to de- 
termine what factors are operating in this genus, not only to bring 
about self-sterility so extensively, but also to reduce to such an extent 
the number of functional pistils found in some seasons. The successive 
main headings will indicate clearly the phases of the problem covered. 


MATERIAL AND METHODS 


A representative list of varieties and hybrids has been available for 
this study. A part are growing in the experimental orchards at Uni- 
versity Farm and the remainder at the Fruit-Breeding Farm six miles 
west of Excelsior, Minnesota. In both orchards the trees are grown 
under clean cultivation. Attention has been given to the species as well 
as to the variety. Heprick et al. (1910) have been taken as authority 
for the species of the different varieties except in a few of recent origin. 

In the cytological investigations the usual technique has been followed. 
As to the killing fluids, chromo-acetic and Flemming’s medium were 
most used, Carnoy’s fluid being a poor fixative for the plum. The triple 
stain and Heidenhain’s iron-alum-haematoxylin both proved to be excel- 
lent stains. Although the cytological phase of sterility is presented 
briefly, material was fixed and sectioned extensively. In all, over 2600 
preparations were made in covering the different stages in anther and 
pistil. 


POLLEN DEVELOPMENT IN RELATION TO STERILITY 


Since functional pollen bears such a vital relation to fruitfulness, a 
careful cytological study of pollen development in the plum has been 
made with the object of determining the, general condition in this genus. 
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With a knowledge of the pollen condition in species, hybrids, and varie- 
ties at hand, the relation of pollen to self-sterility can be ascertained. 
Moreover, normal development will serve as a basis for comparison in 
determining type and extent of pollen abortion. 


Normal pollen development 


Pollen development was studied in detail in varieties representing P. 
americana, P. nigra, P. triflora, P. domestica, P. pennsylvanica, P. hortu- 
lana Mineri, and P. Besseyi, but since there was so little variation from 
the condition common to the higher plants only a very brief description 
of the earlier stages will be included here. The later stages, however, 
especially those beyond the point of pollen degeneration, will receive 
more detailed treatment. 


The winter stages 


In Virginia, DrInKARD (1910) found that during December and 
January there was a slight development going on in the fruit bud of 
the plum. On January roth in Abundance the pollen mother-cells were 
in the resting stage. As early as February 12th, there was some indi- 
cation of division and by February 24th tetrads were being formed. 

In Minnesota pollen development is less advanced during the winter. 
In Surprise on December 11th, development had progressed no farther 
than the archesporial-cell stage, and on March 23rd no further growth 
had taken place. By April 12th, the synaptic stage had been reached. 
Burbank and P. nigra on March 22nd were at the early archesporial-cell 
stage and it was not until April 6th that Burbank had formed pollen 
mother-cells which one week later were at synapsis. Material was fixed 
March 22nd, 1915, from varieties representing P. triflora, P. americana 
mollis, P. hortulana Mineri, and a number of hybrids between P. triflora 
and P. americana mollis, and in none had development advanced farther 
than the archesporial-cell stage. On the other hand, on January 13, 
1918, Amygdalus Davidiana had pollen grains with two nuclei, but with 
scant cytoplasm. 


The anther wall 


During the early archesporial-cell stage of the winter months the 
central cells of the anther are somewhat larger than those of the outer 
three rows and differ from them primarily in having larger nuclei and 
more angular walls. The cells of the epidermal layer are small and 
have a staining reaction similar to the others. 

At the pollen mother-cell stage the anther walls are three to four cells 
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thick and noticeable elongation has taken place in the outer layer, while 
the three inner layers, particularly the innermost, are somewhat com- 
pressed. The cells of the outer layer take the orange, while the other 
layers, like the tapetum, have a greater affinity for the violet. The par- 
tition between the loculi of an anther is also three to four cells thick, 
and these cells as early as the open spireme stage are very much com- 
pressed and elongated. 

In the final growth stages, marked changes take place in the cells of 
the anther wall. The outer wall of the epidermal cells becomes thicker, 
and additional elongation takes place as the anther cavity increases in 
size. The cells of the hypodermal layer become much broader, but show 
the most marked change from the earlier stages in their greater length 
and in the presence of conspicuous ridges in the wall. This layer is the 
most prominent element of the mature anther wall and is bordered on 
the inner side by the collapsed and very much extended walls of the 
inner layers. The cell layers between the loculi, which have become 
very much compressed at the liberation of the microspore, disappear 
with the tapetum,—a change which throws the pollen of both loculi to- 
gether. The point of union of the partition between the loculi with the 
outer wall marks the place of dehiscence. In fact, at the time of the 
dissolution of the partition cells a part of the cells of the anther wall 
along the line of the suture is also dissolved. 


The early pollen stages 


The tissues of the anther at the pollen mother-cell stage have the 
characteristic differentiation and staining reaction. In cross section, the 
mother-cells are four to five cells deep and four or five times as long. 
The polyhedral walls about them are thin at first but become noticeably 
thicker previous to rounding up. The uninucleate tapetal cells are 
slightly larger than the mother-cells and stain more deeply with the blue. 

The chromatin in the winter stages of the archesporial cells is coarsely 
granular and the relative uniformity of the deeply staining masses in 
number and size is striking. The number of these bodies approximates 
that of the double number of chromosomes. 

The rather scant chromatin of the mother cells, however, in the early 
stages is finely granular and quite evenly distributed throughout the 
nucleus. Previous to the formation of the spireme thread, larger and 
more deeply staining masses are found. The spireme which enters 
synapsis is very slender, irregular in marginal outline but distinctly 
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granular. The synaptic mass is very tight and compact, being in many 
cases but little larger than the nucleolus near or about which it is typi- 
cally located. 

At the time the synaptic mass is unraveling, a few short loops appear 

first. These gradually lengthen and with further loosening others are 
formed so that the thread is soon spread throughout the nuclear area. 
While the plum is not suitable material in which to study the manner of 
pairing of the chromosomes, well fixed preparations of the spireme at 
critical formative stages show a condition which strongly favors the side- 
by-side pairing. 
During the open-spireme stage the chromatin thread increases in thick- 
ness and as diakinesis is approached becomes!much looser and even more 
granular. Immediately following segmentation the chromosomes are 
very irregular in outline and in many cases the individuals of a pair 
lie distinctly apart. With further development, they gradually become 
more compact and at the end of this stage are found evenly distributed 
near the nuclear membrane. As the time of division is approached the 
chromosomes assume a homogeneous structure which completely ob- 
scures their double nature. 


The heterotypic and homoeotypic division 

Coincident with the appearance of the spindle fibers of the heterotypic 
division, the nuclear membrane becomes irregular in outline and the 
area of the nucleus mtich smaller. The multipolar spindle of the early 
preparatory changes forms a distinctly bipolar spindle at the metaphase. 
The chromosomes at the equatorial plate lie in slightly different planes 
in most of the preparations of this stage, and show some irregularity in 
the passage to the poles. The fibers of the spindle, particularly the 
intra-polar fibers, are very distinct. Following this division the chro- 
mosomes are drawn together at the poles in a close, compact mass. The 
heterotypic spindle gradually becomes less distinct as the nuclei of the 
dyad are formed. 

After reorganization, the dyad nuclei divide simultaneously. The 
spindle of this division is slightly smaller and narrower at the equatorial- 
plate stage than is that of the first division, and the chromosomes are 
smaller although distinct. The spindles sometimes lie in the same plane 
although typically they are in planes perpendicular to each other. The 
chromosome number determined in the plum is presented in table 2. 
Judging from the number of species represented, ten chromosomes as 
the reduced number is quite common in this genus. 
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TABLE 2 
Showing the number of chromosomes found in different forms 
of the plum. 


‘ Chromosome 

Variety | number 
Minnesota No. 12 (P. triflora & P. americana mollis) 10 
Opata (P. Besseyi X (P. Munsoniana X P. triflora)) | Near to 
Stetia (PF. americana X P. triflora).. 10 
Surprise (P. hortulana Mineri)...............0000: 20 2x 


From the above description it will be seen that pollen development 
proceeds through the heterotypic and homoeotypic divisions with every 
appearance of being normal. This condition obtains for the most part 
in the varieties of pure species as well as in extreme hybrid forms. De- 
generative processes which become so active later do not gain expression 
as early as this. 


The tapetum 

The tapetum in the plum shows no marked variation from its usual 
course of disintegration. Its cells have a single large nucleus which first 
divides about the time of the first division in the mother-cell. The most 
noticeable changes which take place in the tapetum previous to the liber- 
ation of the microspores are vacuolization and further division of its 
nuclei. In some anthers advanced degeneration takes place at the tetrad 
stage, at a time when the walls are still intact. Following the liberation 
of the microspores, the tapetum rapidly disappears. During the period 
of rapid anther enlargement, while its cells are yet intact, the tapetum 
is often withdrawn from the anther wall. Following this stage the 
tapetal cells are more or less separated and undergo the most rapid dis- 
integration. The walls about the tapetum persist much later than the 
mother-cell wall which disappears typically at the late tetrad stage. In 
the mature anther only occasional traces of tapetal cells or walls remain 
in the anther sap. The functioning of the tapetum and its disappearance 
from the anthers in which there is partial or complete pollen abortion 
are the same as in those bearing all normal grains. The tapetum in the 
plum, then, functions normally as nourishing cells and apparently has no 
bearing upon pollen degeneration. 
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The tetrad wall 

Tetrad formation marks the point at which the hereditary allotment 
to each nucleus has been made and also the beginning of an independent 
existence of each microspore. The reaction of the microspore to its en- 
vironment, both before and after liberation, therefore, is of particular 
interest from the standpoint of aborted pollen. 

The stages in the formation of the wall about the rounded mother-cell 
in the plum are very distinct and can be easily followed. The origin of 
this wall in other forms has been given some attention but its relation to 
the wall of the mother-cell has not always been indicated. According 
to the evidence at hand there appears to be two distinct methods of dis- 
posing of the mother-cell wall: (a) in one case, as in the lily (ALLEN 
1905) and the grape (DorsEy 1914), the original mother-cell wall dis- 
appears at the rounding-up stage; and (b) in the other, illustrated by 
the strawberry (VALLEAU 1918), the mother-cell wall remains intact 
after rounding-up has taken place. The plum belongs to the latter class 
and since these early stages precede the action of degenerative processes 
they will be presented in some detail. 

The angular walls between the early mother-cells have the appearance 
in section of thin lines. These take the orange heavily with the triple 
stain and with Heidenhain’s haematoxylin stain light or dark blue. At 
this time they are similar in thickness to the walls of the tapetum. At 
the time of the rounding up of the mother-cell the walls become notice- 
ably thicker than those between the tapetal cells, but the staining reaction 
is similar. 

The first evidence in the plum of a new wall about the rounding-up 
cytoplasm of the mother-cell is the separation of a thin layer from the 
inner surface of the old wall, first at the cell angles and subsequently 
farther along the sides (plate 2, 1). In some sections the new wall,— 
which will hereafter be referred to as the tetrad wall as distinguished 
from the persistent mother-cell wall,—appears as a line and in others as 
a surface, according to the angle of view. Later stages show consider- 
able irregularity in separation. At the cell angles and narrow ends of the 
cell, it is generally drawn away while yet in contact with the old wall 
along the longer sides. From the irregularity in separation, however, it 
should not be inferred that there is necessarily a similar irregularity in 
formation, since, where partly separated or even in contact with the old 
wall, its outline can generally be followed distinctly around the remainder 
of the cell periphery. Complete separation of the tetrad wall takes place 
in most cases previous to the heterotypic division. 
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The tetrad wall appears to be a derivative of the mother-cell wall in- 
stead of the cytoplasm. This view is supported by the manner of sepa- 
ration as well as by the evidence from staining reaction. As noted above, 
in the young mother-cell the walls have the appearance in section of a 
thin line and later undergo slight thickening and stain heavily. with the 
orange. Immediately after the separation of the tetrad wall, which stains 
a light orange, the mother-cell wall, which is again noticeably thinner 
than just previously, has a darker reaction to the orange. Furthermore, 
since the cytoplasm rounds up first, the plasma membrane is very distinct 
and separated in places from the tetrad wall which, at this time, is gen- 
erally completely formed. 

The mother-cell wall, which remains after the formation of the tetrad 
wall, persists in many anthers as late as the liberation of the microspores. 
In others it disappears soon after the heterotypic division. The rapid 
increase in the size of the anther cavity brings about considerable elon- 
gation in the mother-cell wall which provides ample space for the tetrad. 
The tapetal cell walls disappear later than those of the mother-cell so it 
appears that different enzymes are acting, or if a single enzyme, that dis- 
solution is localized. 

The tetrad wall, which is thin and homogeneous when first separated, 
does not undergo any appreciable thickening until after the heterotypic 
division. Subsequent to this, particularly following the organization of 
the tetrad nuclei but coincident with wall formation between them, the 
tetrad wall increases rapidly in thickness. The maximum thickness of 
the outer wall is found when the walls between the microspores reach 
the greatest thickness, i.e., in the mature tetrad. 

Traces of cell plates appear between the tetrad nuclei by the deposi- 
tion of material near the central point of the intra-polar spindle fibres. 
The staining reaction of this material is at first slightly darker than that 
of the thick tetrad wall and the tetrad nuclei also round up before the 
walls between them become thick. Further rounding of the spores is 
followed by a gradual entrance of the viscid tetrad-wall between them 
until each one is completely enveloped with the thick wall characteristic 
of this stage (plate 2, 2). The stages in the division of the cytoplasm 
between the microspore nuclei of the tetrad have been followed out in 
considerable detail and for the most part agree with the observations of 
Farr (1916, 1918). The question now enters as to what differences 
appear in the morphology of the tetrad as a result of the two types of 
mother-cell wall dissolution, i.e., a dissolution of the middle lamella at 
the time of tetrad-wall formation as in the grape, and dissolution subse- 


Genetics 4: S 1919 


| 
a 
t 
\ 
| 
1 


428 M. J. DORSEY 


quent to the heterotypic division, as in the plum and _ strawberry. 

In the grape, plum and strawberry, the outer wall between a mother- 
cell and a tapetal cell persists after rounding-up has taken place in the 
cytoplasm. In this position the tetrad wall has a similar origin in each 
and a careful study of these stages shows a similar structure and sepa- 
ration. In all three forms this wall, which is very thin at first and sub- 
sequently thickens, the interpretation appears justified that it is homo- 
geneous throughout because the stains used did not show in either that 
the exterior is bordered by a thin wall or membrane. Such an interpreta- 
tion is in accord with the well known swelling of colloidal substances. 
The refractive power of the outer margin of the tetrad wall in the grape 
and plum is identical with the triple stain and is similar to that of the 
inner layer about the microspores. Furthermore, there is never a separa- 
tion of an outer wall or membrane from an inner thicker portion of the 
tetrad wall and during dissolution there is no appreciable persistence of 
either the outer or the inner surface over that of the middle portion. 
It is possible, however, that other staining methods may show differentia- 
tion in the tetrad wall not revealed so far by the technique used. It 
appears then that the differences in the time of dissolution of the mother- 
cell wall result in no striking morphological differences in the tetrad 
wall. In the grape, that remnant of the mother-cell wall, whether simply 
the middle lamella or more, which does not enter into the formation of 
the tetrad wall is dissolved immediately, while in the plum and straw- 
berry it persists for a time longer. In one case there appears to be an 
enzyme action which is either absent or delayed in the other. The origin 
of the tetrad wall, however, appears to be identical in each type. 


The microspore wall 


The microspore wall first appears in section as a very fine line between 
the plasma membrane and the thick tetrad wall (plate 2, 2). It is best 
seen where slight plasmolysis has occurred. Before the tetrad wall is 
dissolved the microspore wall becomes noticeably thicker. The sequence 
of events is such that the extended cross walls of the mother-cell, the 
tetrad walls, and the walls about the microspores can sometimes be seen 
in the same anther. The microspore wall is formed adjacent to the in- 
terior surface of the thick tetrad wall but outside of the plasma mem- 
brane. No evidence of it can be seen in the plum until after the tetrad 
wall has become thick between the microspores, but since the inner border 
of the tetrad wall about each nucleus at this stage stains slightly more 
heavily than previously the interpretation is that at least a part of the 
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heavier staining reaction is due to the changes taking place in micro- 
spore-wall formation. 


The liberated microspore 


Before the microspore is set free in the anther sap its nucleus is re- 
organized and in the resting stage. In many anthers the microspores of 
a tetrad remain in their usual position in relation to each other for some 
time after the dissolution of the tetrad wall. Breaking down of the 
persistent mother-cell wall generally precedes the dissolution of the 
tetrad wall although both may disappear at the same time. In the plum 
as in Fragaria (VALLEAU 1918) there is no appreciable increase in size 
in the microspores before liberation. The anther sap is clear and homo- 
geneous at the time of dissolution of the tetrad wall, and its staining 
reaction is not changed by the inclusion of the substance of the walls of 
the mother-cell and of the tetrad. 

The germ pore is formed in the plum microspore immediately after 
liberation from the tetrad, during the early stages of thickening and 
growth in the microspore wall, but before the time of rapid extension. 
The first evidence of the suture is a bending in of the previously spheri- 
cal covering forming three longitudinal grooves in the surface at places 
where the wall appears slightly thinner. During this stage the two dis- 
tinct elements of the wall can be for the first time definitely distinguished. 
At the germ pore the intine is continuous and the exine in cross-section 
is broken or discontinuous. Further thickening takes place primarily in 
the exine, which in the mature pollen grain constitutes the most con- 
spicuous part of the wall. There are three sutures and at the mid-point 
of each a germ pore. The germ pore is bordered by projecting, fimbri- 
ated outgrowths of the exine (plate 2, 3) which are considerably raised 
and are conspicuous in the mature pollen. These edges overlap, and in 
some varieties, as Wyant, the pore is closed by them. The germ pore is 
present in all forms included in this investigation, a condition which is 
very different from that in the grape in which it is absent in all pollen 
borne by reflexed stamens. 

Subsequent to the formation of the germ pore the microspore wall 
enters a period of rapid growth both in extension and thickness. This 
takes place much more rapidly than the growth of stainable cytoplasm, 
producing that appearance characteristic of this stage in which large 
vacuoles are formed. The stainable cytoplasm, with the nucleus, is lo- 
cated mostly toward one side. 
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The general relation of wall, vacuoles and cytoplasm is maintained 
until the division of the microspore nucleus, a condition which results in 
the division figure being located at one side in the rather narrow crescent- 
shaped cytoplasmic mass. So far as observed, the division figure is per- 
pendicular to the microspore wall, and the cell plate cuts off the typical 
small generative cell. Division is followed by a further increase in the 
size of the pollen grain in which there is a rapid growth of the stainable 
cytoplasm. 


The mature pollen grain 


The exine of the mature pollen grain is thick and its exterior is marked 
by prominent ridges and furrows (plate 2, 4). These are most con- 
spicuous in Prunus americana and P. nigra; in other species, as P. vir- 
giniana, P. pennsylvanica and P. Besseyi, the surface is only slightly 
furrowed although distinctly rough. The sutures are prominent and 
extend nearly the entire length of the grain. The protrusions about the 
pore also vary in development in the different species, some extending 
only slightly over the pore and some practically covering it. In some 
sections the two coats in the wall can be clearly distinguished by a dif- 
ference in staining, although they are very seldom separated except 
where cutting has been the cause. 

Soon after nuclear division in the microspore there is a rapid increase 
in the stainable cytoplasmic content so that at maturity the conspicuous 
vacuoles of the earlier stages disappear. At the time that the stainable 
cytoplasm completely fills the space within the wall of the pollen grain 
the microspore nuclei reach their maximum size (plate 2, 17). 

In the mature pollen grain the nuclei, particularly the generative nu- 
cleus, are characterized by their small size (plate 2, 8). This diminution 
in size is brought about by the withdrawal of nuclear sap, a process 
which first becomes evident by the irregular outline of the nuclear mem- 
brane. The staining of the nuclei when thus contracted is clear and 
distinct and not diffuse. There appears to be a concentration of the 
chromatin into larger masses as Contraction progresses from the more 
finely granulated condition found immediately after the telophases of the 
division (plate 2,9). The lightly staining network, which connects the 
finely granular chromatin of the earlier stages, becomes less conspicuous 
at maturity. This is the normal condition in forms known to produce 
viable pollen. 

The generative cell as well as the generative nucleus decreases mark- 
edly in size as maturity is reached, as will be seen by comparing figures 
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5, 6, 7, 8, 9, and 10, of plate 2. In some sections the limiting membrane 
of the generative cell is so closely contracted about the nuclear membrane 
that the generative cell has the appearance of a nucleus (plate 2, 9 and 
10). It may be either round or lens-shaped, and while generally located 
near the center of the pollen grain close to the vegetative nucleus it is 
in some cases found at one side adjacent to the wall. Conspicuous fea- 
tures of the contracted generative nucleus at pollen maturity are the 
dense masses of chromatin, relatively few in number, and the extremely 
small nucleolus (plate 2,8). The position of the generative cell in the 
cytoplasm is independent of that of the germ pores. In Yellow Egg 
(P. domestica) the generative cell is larger than in the American species, 
and at maturity the chromatin is more finely granular. In Wyant and 
Iron Clad, the generative cell is usually small when first cut off. 

Pollen is mature before the stigma, and owing to its maturity and the 
protection afforded by its thick wall and the anther wall it is more re- 
sistant to adverse weather than is the stigma. At about the time the 
petals are bursting the nuclei in plum pollen are entering upon the con- 
tracted stage, and because of the presence of the anther sap they remain 
turgid until the drying which accompanies dehiscence. When dry, in- 
stead of being spherical and turgid, they are oval in outline and have 
three deep folds lengthwise in the covering corresponding to the sutures. 
In some varieties pollen is readily removed by the wind when dry after 
dehiscence, and in others but little is blown away because of the adhesive 
action of a yellowish oily substance. 


The pollen tube 


Upon reaching a receptive stigma, both aborted and normal pollen 
grains soon become turgid and spherical. When the growth of the tube 
starts there is a slight bulging of the intine at the germ pore adjacent to 
the stigma, but the tube nucleus and generative cell still remain in their 
usual position. When the tube first emerges from the pore, the cytoplasm 
contained in it and that adjacent in the pollen grain stains more deeply 
than before germination. In some grains previous to germination the 
cytoplasm stains more heavily about the margin, near the plasma mem- 
brane. The chromatin in both nuclei at this time is finely granular and 
more homogeneous than before in its staining reaction. The tube is 
large and conspicuous when first formed and becomes noticeably more 
slender as it advances into the stylar tissue, and both the tube nucleus 
and the generative cell, as well as the larger portion of the cytoplasm, 
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enter it by the time its length is three to four times the diameter of the 
pollen grain. In the micropyle, after having passed through the tissue 
of the style, the tube again becomes thicker. Moore (1917) notes this 
difference in diameter and attributes it to food supply. It appears, how- 
ever, to be due more largely to the stage of growth. Since the move- 
ment of the generative cell in the tube can be easily followed, division 
must take place there, although in the numerous sections of the tube at 
this stage no division figures have been found. In fact in sections of 
tubes in the micropyle (plate 2, 11) the generative cell can be found 
still undivided so that it is probable that ¢ gametes are formed late in 
the period of tube growth. 

After the tube has extended as far as one-half of the length of the 
style its cytoplasm becomes vacuolated and the nuclei are very incon- 
spicuous. Partitions are formed in the tube, although they are not 
easily found because they do not stain with Heidenhain’s haematoxylin 
or with Flemming’s triple stain. Partitions were also found by OsTErR- 
WALDER (1910) in the pollen tube of the pear and by Knicut (1917) 
in the apple, but stains were used by the latter which makes a study of 
this feature much easier than the stains used in this investigation. As 
the tube advances in the style the cytoplasm is located well toward the 
growing tip and the empty walls of the tube left behind can be found in 
the stylar tissue, in many instances still leading to the empty pollen 
coverings. 

Aborted pollen never develops tubes. Empty coverings of grains 
which have developed tubes in sections of the stigma are readily dis- 
tinguished from aborted grains by their slightly larger size, the broken 
intine or remnant of the tube, and the absence of cytoplasm. In all of 
the preparations of receptive stigmas many normal-appearing grains do 
not germinate and from many others only short tubes are formed (plate 
5, L and M); yet these are under conditions where others grow nor- 
mally. This condition prevails in controlled crosses as well as in cases of 
controlled self-pollination where all pollen is known to have been ap- 
plied at the same time. In the style the tubes become fewer in number 
toward the base while immediately beneath the stigmatic surface there 
are in many cases a multitude of short tubes, which in length grade grad- 
ually into the longer ones. The great extremes in the rate of growth 
shown by the tubes from different grains in the same style account for 
the small number found at the micropyle in the later stages. Later more 
attention will be given to the significance of the series presented here. 
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From the foregoing it will be seen that normal pollen development is 
the typical condition in the plum. Self-sterility and cross-sterility, which 
are so general, are not due to degenerate pollen except in those forms 
where pollen abortion is complete. From plate 5, L, it will be seen that 
there is tube growth when the plum is self-pollinated, so it may be defi- 
nitely stated that self-sterility is caused by other factors which operate 
subsequent to tube formation. At this point interest centers around the 
extent to which aborted pollen modifies the typical pollen condition in 
the plum. 


Aborted pollen or arrested development 
The types of aborted pollen 


In Prunus, as in Vitis (Dorsry 1914) and Fragaria (VALLEAv 1918), 
the range in the time of pollen abortion extends from liberation from 
the tetrad to maturity. From selected grains taken in order of arrested 
development a complete series can be constructed. In fact, such a series 
can often be found in a single anther (plate 3, A, C, H, 1). However, 
by far the larger number abort before division of the microspore nucleus. 
Since the one-nucleate grains may persist as late as the time of maturity 
of normal grains abortion takes the form of a delay rather than of 
disintegration. 

A study of the late tetrad, at the time of wall dissolution, in which 
the microspores are still in position, shows typically an even development. 
Size differences between the microspores become conspicuous after fur- 
ther growth. In cases of early cytoplasmic abortion in grains no larger 
than one-half of the mature diameter, the wall undergoes partial or 
even nearly complete thickening. In others often of greater sizz, there 
is less thickening of the exine. The germ pore, however, is formed in 
all cases where development is carried beyond the normal time of its 
formation. In general, since there may be wall thickening and enlarge- 
ment accompanying early cytoplasmic abortion, there does not appear to 
be an intimate interdependence between wall and cytoplasm although 
nearly complete wall-thickening is always found in cases in which abor- 
tion occurs at a late stage. TiscHLER (1908) has regarded wall forma- 
tion in pollen as being more or less independent of normal cytoplasmic 
development. This interpretation would appear justified in view of the 
condition found in pollen before dehiscence, in which some aborted 
grains are nearly devoid of stainable cytoplasm and in others only the 
broken down remnants of the nucleus and cytoplasm remain. The fact 
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however, that thickening in the wall takes place so early in growth, be- 
fore degenerative processes are complete suggests that wall thickening 
is dependent upon cytoplasmic growth. This view is further supported 
by the thin walls found in those few grains in which abortion occurs 
before wall thickening. 

Considering now the condition of the chromatin in the aborted series, 
those grains in which abortion occurs at the earliest stages show but 
little if any increase in amount in the stainable cytoplasm over that re- 
ceived from the mother-cell. In such cases the chromatin still persists in 
large masses, a condition which suggests only partial reorganization. 
The nuclear membrane in such cases may be either compressed and ir- 
regular in outline or very much extended. The cytoplasm has different 
reactions to stains, in some instances being finely granular and flocculent 
and in others dense and more homogeneous. In general those grains 
which have developed no farther than the one-nucleate stage are char- 
acterized by their small size, scant cytoplasm, large vacuole, irregular 
nuclear membrane, and large chromatin masses. Yet in these there are 
generally thick walls and normal-appearing germ pores. 

Where development is carried as far as the division of the microspore 
nucleus, there is in most cases considerable addition to the cytoplasm, 
but the nuclei show a similar condition to that above described for the 
single nucleus in that there is a suggestion of arrested reorganization as 
shown by the condition of the chromatin. The cytoplasm may still show 
a large vacuole or the stainable cytoplasm may fill up the entire grain, in 
the latter case the staining reaction is lighter (plate 3, J, K). This con- 
dition in the cytoplasm indicates abortion at later stages, in which cases 
the nuclei may appear more normal and may even enter the contracted 
stage. It is probable that the latest cases of abortion cannot be detected 
by the appearance in stained sections but are shown by the inability of 
the grain to send out tubes. It has been stated in the discussion on pollen 
development that on the stigma some apparently normal grains do not 
send out tubes. It is conceivable that in these grains which do not de- 
velop tubes the end of the aborted series is to be found. 

Since the development of pollen is so typically normal up to the time 
of liberation of the microspore, it now becomes important to determine 
whether the other elements of the anther show a normal growth, espe- 
cially in anthers where there is a large percentage or even total pollen 
abortion. A careful study of anther development in a large number of 
forms shows that the anthers undergo the usual differentiation even 
when the pollen they bear is completely aborted. The exceptions to 
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this are found where there is complete abortion early in development, in 
which case there is often an unusual ingrowth of the endothecium. Even 
in these cases the mature anther is filled with sap and the tetrad wall 
and tapetum completely disappear. 

The general development of the different elements of the anther and 
especially a normal sequence of development in anthers where only a 
part of the pollen is aborted would appear to eliminate any influence from 
this source as a factor in pollen abortion. The abortion of some grains 
in the same substratum in which others not only develop normally but 
function normally indicates differences between the grains rather than 
localized influences from the anther. 

In view of the condition in the anther, where there is approximately 
a normal development independent of the pollen condition, it is of inter- 
est to find the microspore wall undergoing a more or less independent 
development. It will be seen therefore that so far as the 2% tissue is 
concerned abnormalities which might later influence pollen development 
do not enter and that abortion begins with the 1x condition. 


Earliest evidence of pollen abortion 


It has been emphasized that typically abortion does not become evi- 
dent until after microspore liberation. However, certain apparent ex- 
ceptions to this in an extreme hybrid condition have been found. In a 
cross between P. Besseyi and P. armenica the stages of the heterotypic 
and homoeotypic division have been studied in detail and there are indi- 
cations in some of the mother-cells of irregularities in chromatin distri- 
bution, which indicate that processes resulting in abortion begin earlier 
in some cases than liberation, which in the less radical crosses is the 
typical condition. In this cross 87 percent of the pollen is aborted 
(table 4). 

The earliest indication of arrested development found is in the dyad 
stage (plate 2, 12) although at the heterotypic division single chromo- 
somes sometimes lie far to one side of the plate and at the early metaphase 
they are even more scattered (plate 2, 13). This scattered condition of 
the chromosomes is suggestive, especially in view of the condition at later 
stages. In a number of the dyads the chromosomes of one nucleus were 
at late metaphase at the time of complete reorganization of the sister 
nucleus. In other mother-cells of this cross at the tetrad stage, the con- 
spicuous rings or circles in the cytoplasm (plate 2, 14) which resemble 
small nuclei in some instances, particularly after the heterotypic division, 
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also indicates an unbalanced condition following the reduction divisions. 
As many as thirteen of these rings have been counted in a single tetrad. 
Some of the darker-staining bodies in the cytoplasm have every appear- 
ance of being chromosomes which have not entered into nuclear reorgani- 
zation. That the rings, or in some instances spheres, which appear so 
conspicuous in the cytoplasm (plate 2, 15, 16) are connected with chro- 
matin distribution and are evidences of early degeneration is supported 
by the extreme condition found in such tetrads as that shown in figure 
16, plate 2. In the tetrad illustrated here no nuclei have been formed 
and the rings and dark-staining bodies are conspicuous features in the 
cytoplasm. Two of the spherical masses may in fact be interpreted as 
nucleoli. 

Following the heterotypic division some abnormalities are found in 
nuclear reorganization. The variations found at this time include the 
formation of as many as three nuclei (plate 2, 18) in the place of one, 
or rarely, the organization of one large and one small nucleus in a single 
microspore. Sometimes an unusually large nucleus is formed somewhat 
in advance of the others. Following the liberation from the tetrad wall, 
the unusually small microspores sometimes found (plate 2, 19) appear 
to complete the series of variations from the condition found in most of 
the other forms. While stages earlier than these—from diakinesis 
through to the end of the heterotypic division—have been studied, there 
are no outstanding conditions which would justify placing the beginning 
cf degeneration earlier than the period of reorganization of the dyad 
nuclei—and degeneration at this stage is extremely rare. 

Evidence of irregular chromatin distribution in the division of the 
mother-cells in hybrids has been reported by JuEt (1900), TisCHLER 
(1908), RosENBERG (1909), LEVINE (1916) and others. This condi- 
tion is of interest here primarily in that it does not result in a type of 
pollen abortion different from those more nearly normal cases where it 
has not been found. It appears, however, that the condition found at 
nuclear reorganization following the heterotypic division justifies the 
conclusion that degeneration processes may begin earlier in the plum than 
in Vitis or Fragaria. 


The breaking up of pollen into globules 


In addition to the processes resulting in the aborted-pollen series, there 
enters another process which dissolves pollen. This dissolution of pol- 
len results in the production of a yellowish oily mass, which makes the 
pollen of some varieties sticky and therefore less easily blown away by 
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wind. This condition is of wide occurrence in the plum, particularly 
where a large percentage of the pollen is aborted. All stages in the for- 
mation of this yellowish substance have been studied and it is found 
that the substance is made up primarily from pollen although the tapetum 
may also enter into its formation. 

In the process of dissolution the pollen walls are first affected. Some 
stages in cross-section show a beaded condition of the wall, a bead or 
globule being formed at each ridge in the exine. In the final stages the 
wall may be intact, yet completely composed of small globules which 
gradually merge into larger ones. The small globules of the earlier 
stages are formed from a relatively thin wall which determines their 
diameter (plate 3, E). Before the exine breaks up into globules a thick 
homogeneous band similar in appearance to the tetrad wall is sometimes 
formed about the cytoplasm. Whether or not this is due to a thickening 
of the intine could not be determined. At the time of breaking down of 
the exine into globules, the cytoplasm shows a more diffused staining 
reaction. Later stages show some globules as large as the mature pollen 
grain which may further merge into even larger masses, but the final 
stages usually show a number of smaller globules yet separate (plate 3, 
D). The tapetum sometimes is affected in the same way as the pollen 
although it usually functions normally. This dissolution process is gen- 
eral in the loculus although it more commonly affects aborted pollen. 
It is found in some cases to affect grains with apparently normal nuclei 
and occurs in pure forms as well as in hybrids. This dissolution process, 
however, does not necessarily take place, but when it does it is found to 
occur most frequently near the time of maturity rather than at an earlier 
stage in development. There is also considerable variation in the extent 
of dissolution in the anthers of a single flower. Since it does not always 
take place even in aborted pollen, dissolution does not necessarily appear 
to be the final process in abortion but rather a supplementary process— 
undoubtedly enzymatic in nature. 


Pistillody and petalody 


So far pollen abortion has been discussed aside from the occurrence 
of any metamorphosis in the anther. There is a wide-spread tendency 
in the plum for stamens to change into petals on the one hand and into 
pistils on the other. These abnormal types, including acalycine flowers, 
have been noted previously by WaucH (1896, 1900) and others. In 
the course of metamorphism into these organs an elaborate series of in- 
termediate forms occurs. 
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In pistillody (plate 4, C, D) particularly, the usual ontogeny of stamen 
development is upset to such an extent that the following series can be 
constructed showing the variation in the degree of development of dif- 
ferent organs: (a) The nucellar tissue is developed normally in some 
pistilloids, and not at all in others; (b) the integuments vary from an 
entire enclosure of the nucellus to complete absence; (c) the position of 
the ovules in the pistilloids ranges from a terminal position near the 
anther to a basal position; (d) there are all degrees of enclosure of the 
ovules by the carpel wall; (e) there are all degrees of stigma and style 
development; (f) there are all stages in embryo-sac growth up to nor- 
mal embryo-sac development; and finally (g) in anther suppression there 
is a great variety of odd outgrowths of stigma and anther tissue termi- 
nating the filament-like style. Some of these stigmas become receptive 
and in some the ovules swell. However, it is important to note that 
pistilloids are borne in the position of stamens, and hence on account of 
the abscission of the calyx tube do not persist long enough for fertiliza- 
tion to occur or for the style to be cut off. Even the extreme meta- 
morphosis into an apparently normal pistil does not prevent the shedding 
of the calyx tube at the usual time or interfere with the usual functioning 
of the central or normal pistil. 

Petalody like pistillody also occurs frequently, and all stages of meta- 
morphosis of an anther into a petal are found (plate 4, A, B). The 
yellow anther tissue assumes various shapes and sizes as the transition 
to the white tissue of the petal becomes complete. Yellowish borders of 
anther tissue generally develop in the narrower petaloids. The tissue of 
the filament is very similar in external appearance to that of the petal 
and as with the style, the lateral wing-like appendages lead up to the 
broadened end which may be part anther and part petal. The most com- 
mon type of anther bearing the white tissue of the petal is shown in 
plate 4, A, in which the end is pointed and white. There is little relation 
between the broadening of the petaloid and the suppression of anther 
tissue, since the latter may be absent on either narrow or broad peialoids. 
However, transformation has not gone so far in the case of the petaloids 
as to form an abscission layer at the base as in the petal, and all petaloids 
which were observed were found to be shed, like stamens, with the calyx 
rather than with the petals. 

Sections through petaloids taken from flowers at full bloom show a 
variety of unusual shapes in the loculi. Some are long and narrow, 
others wide with irregular outlines; still others are lobed or branched, 
tapering in some to long points, which are devoid of any trace of re- 
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productive tissue other than an occasional collapsed mass of cell walls. 
Petaloids also show great differences in the extent of pollen development ; 
in the opposite end of a loculus bearing normal grains, pollen develop- 
ment may have been stopped as early as at the stage of the liberated 
microspore. 

In pistillody and petalody three things are outstanding: (a) in the 
most extreme instances of metamorphosis the manner of abscission of 
petaloid or pistilloid is the same as that of the normal stamen, viz., with 
the calyx tube: (b) these metamorphic changes may result in complete 
abortion; and (c) they have not introduced a new type of abortion from 
that found where anther changes in these two directions are not taking 
place. 

An explanation of the phenomena shown in these changes is not easy. 
The departure from normal growth takes place in somatic tissue first, 
and if growth is carried far enough, normal-appearing pollen and em- 
bryo sacs are produced. This would lead to the inference that the fac- 
tors upsetting normal development are sporophytic. Something of the 
nature and extent of the changes which take place when petalody reaches 
the double-flowered commercial types is shown by its inheritance, as in 
stocks in which doubleness is dominant to singleness. It is probable that 
some of the pistilloids would actually set fruit if they were not cut off 
so early by the dropping of the calyx-tube. There does not appear to be 
any great difference, except in position, between pistilloids borne in the 
position of stamens and accessory pistils borne about the primary central 
one. In those cases in which more than one pistil has been found, pistil- 
loids are not necessarily formed. In fact, in a peach hybrid which bears 
occasionally as many as five pistils and frequently three, the conspicuous 
feature of the flower is its doubleness. But doubleness in some of the 
ornamental flowering varieties of Prunus does not interfere with the 
growth of a normal pistil. So, while pistillody and petalody take on 
various strange forms in this genus, they appear to be due to forces 
which do not materially modify the aborted pollen types or interfere 
markedly with the production of a normal pistil, even though many other 
pistils may be produced in varying degrees. 


The extent of aborted pollen 
The extent of pollen abortion in selected forms has been determined 
partly from mounts in lactic acid and partly from stained preparations. 
The results are presented in tables 3 and 4. 
In table 3 the individuals of two crosses between P. triflora and P. 
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americana mollis are classified according to the percentage of aborted 
pollen found. It will be noted that two varieties of P. triflora,—Abun- 
dance and Burbank,—have been used as the pistillate parent. In deter- 
mining the extent of abortion in these hybrids an average of 425 grains 
was counted in each individual in the Abundance X Wolf crosses and 
730 in each of Burbank X Wolf crosses. The percentages based upon 
such large numbers undoubtedly represent the pollen condition fairly ac- 


TABLE 3 
The aborted pollen in the F, individuals of the interspecific cross, Prunus triflora 
(Abundance and Burbank) X P. americana mollis (Wolf). 


Number 
of Percentage of aborted pollen in the F, plants 


trees 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 


Abundance X Wolf.. 34 


2 5 = I 
Burbank Wolf.... 23 


@ 2 2 I I I 


curately. In Burbank 32 grains were aborted in 1003 and in Wolf 52 
in 226 (table 4), the condition not being determined in Abundance. It 
will be seen that aborted pollen is present in large quantities in the F, 
progeny of each cross, and also that there is a slightly greater range in 
the abortion in the Burbank crosses. 

From table 4 it is apparent that extreme hybrids in the genus Prunus 
are unable to complete the development of large proportions of pollen— 
a condition which also obtains in monospecific varieties and forms gen- 
erally regarded as pure species. In fact, the degree of pollen abortion 
may lead to a question of the purity of some of the so-called pure forms 
included in the list. There is some variation shown in the amount of de- 
fective pollen between individual trees of a clone; this point, however, 
was not checked extensively. 

The general pollen condition of the forms listed as pure species con- 
trasted with that of the hybrids is shown in table 5, in which each form 
is classified according to the percentage of pollen aborted. In this way 
the greater amount of defective pollen in the hybrids is emphasized. 

The pollen condition in the plum may be briefly summarized as fol- 
lows: Abortion occurs for the most part between the time of liberation 
of the microspore from the tetrad and maturity—in other words during 
the gametophyte generation. The fact that anther development is nor- 
mial even when there is a larger percentage of, or complete, pollen abor- 
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The pollen condition in certain species and selected varieties of Prunus in which a 
number of interspecific crosses are included. 


' Total |Number | Number| Percent 
Variety number | normal | aborted | aborted 
Astin WIPE) 214 167 47 22.0 
Amygdalus nana X P. persica..........++.. 327 51 276 84.4 
216 190 26 12.0 
1003 971 32 3.2 
Compass (P. Besseyi X P. hortulana Mineri) 214 121 93 43-5 
211 90 121 57-3 
226 209 17 7.5 
Etopa (P. Besseyi X P. triflora)........... 200 152 48 24.0 
Loring (P. triflora X P. americana ?)....... — — ong 26.0 
214 183 31 14.5 
CP. 315 205 20 6.3 
Opata (P. Besseyi X (P. Munsoniana X P. 
B, 200 40 160 80.0 
214 185 29 14.0 
P. Besseyi X P. Gmewicana. 353 128 225 63.7 
P. Besseyt XK P. 225 28 197 87.6 
211 137 74 35-1 
P. virginiana (plate 3, L)......c.sccccesseee 233 198 35 15.0 
Rollingstone (P. americana)........ ee ere 302 254 38 9.7 
Sapa (P. Besseyi X P. triflora)...........0. 355 206 149 42.0 
Surprise (P. hortulana Mineri)............. 309 204 105 34.0 
200 186 14 7.0 
Wolf (P. americana mollis) 226 174 52 23.0 
Yellow Egg (P. domestica).........ssseeee- 510 494 16 3.1 
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TABLE 5 
A classification of the hybrids and pure forms listed in table 4 on the basis of the 
percentage of aborted pollen. 


Percentage of aborted pollen 


5 10 I5 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 


6s 6431 I I 


tion, tends to eliminate conditions in the anther as a constant factor in 
abortion. In extreme hybrid forms there is evidence of pollen disinte- 
gration as early as the dyad stage. The breaking down of pollen into 
yellowish globules appears to be a supplementary enzymatic process sepa- 
rate and distinct from true abortion, since it does not always occur and 
sometimes affects mature grains which have every appearance of being 
normal. A new type of aborted pollen is not introduced by pistillody 
and petalody. Neither have these: metamorphic processes been found to 
affect the normal method of stamen dehiscence. Aborted pollen occurs 
in the plum in considerable quantities, even in many so-called pure 
species, but is not sufficient in these, considering self- or cross-pollina- 
tion, except in a few extreme cases of complete abortion, to be of itself 
a prohibitive factor in the setting of fruit. However, in view of the 
extreme hybrid condition of many varieties, aborted pollen in them be- 
comes of greater importance. The abortion of pollen during the haploid 
stage appears to point to a state or condition in the germplasm of the 
gametophyte as the cause of abortion. 


PISTIL DEVELOPMENT IN RELATION TO STERILITY 

In the section on pollen development it was shown that self-sterility 
and cross-sterility as well, are of the type generally referred to as in- 
compatible and are not necessarily due to defective pollen except in ex- 
treme cases of complete abortion. It now remains to determine the fac- 
tors in pistil development which enter into the general question of ster- 
ility. As in the case of the pollen, the course of normal development 
will be presented first. 


Pistil development 
Early stages 
The degree of development of the pistil in late winter is shown in 
figure 20, plate 2. There is as yet no protrusion of the growing-point 
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from which the ovule will develop. It will be seen that the carpel cavity 
is formed by the folding together of two margins which do not unite 
until considerable growth has taken place. The point of union forms the 
suture which is clearly distinguishable either at bloom or at maturity. 
The two ovules are borne on a parietal placenta close to but on either 
side of the suture. The stigmatic cells at this time appear no different 
from the other cells of the epidermis. The pistil, then, in the winter bud 


is rudimentary and its special structures are not formed until the early 
spring growth. 


The pistil at bloom 


In the treatment of weather in relation to fruitfulness (DorsEy 1919) ° 
the principal factors affecting receptiveness, namely, the stigmatic sur- 
face and the abscission of the style were discussed. These will not be 
dealt with further here, since, in the light of the evidence to be presented 
later, on the failure of so many pistils to set fruit, interest centers pri- 
marily about development in the ovule. 

In the course of this investigation sections have been made of pistils 
at various stages of growth from a large number of different varieties 
and species. While some of the variations found in Prunus species have 
not been noted by PEcHouTRE (1902), his studies of pistil development 
in the Rosaceae in general and particularly in Prunus have been so thor- 
ough and are presented in such detail that further treatment in this con- 
nection would be largely repetition. The following discussion of the 
mature pistil has been carefully checked with that of P&cHouTRE in 
species available in this investigation. 

At the time the flowers open, the embryo sac may contain from one to 
eight nuclei, although generally there are but two or four. The embryo 
sac increases in size but little before fertilization. The nucellus is made 
up of large, thin-walled cells with a “cap” of smaller, thicker-walled cells 
at the apex. The two integuments are concrescent at the chalaza but 
otherwise separate throughout their length. The outer integument is five 
cell layers in thickness and epidermal in origin; the inner is three cells 
thick and sub-epidermal in origin (P&cHOUTRE 1902). The distal ends 
of the integuments, especially of the outer, make a very irregular growth 
and push well up into the narrow end of the carpel (plate 2, 21; and 
plate 5, B). This extension of the integuments forms a large canal or 
channel through which the growth of the pollen tube is tortuous. Tubes 
frequently miss the opening to this charinel and grow downward in the 
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cavity of the ovary but none has been found to enter the chalaza. At 
the distal end of the carpel cavity there is an irregular ingrowth of 
tissue—called the “obturator” by PécHouTrE—which partly projects 
over the micopyle (plate 2, 21, a). The anatropous ovules gradually 
assume an upright position and at the time of fertilization are borne up- 
right on a parietal placenta. 

In external appearance pistils vary in many features. In Prunus do- 
mestica the style is much thicker and much more pubescent than in P. 
americana, and the characteristic green color is partly obscured by a 
purplish pigment in P. Pissardi. The suture also is deeper and more 
distinct in some varieties than in others. In all species studied, however, 
the cells of the central core in the style have much denser cytoplasm than 
have the cells of the surrounding tissue (plate 5, L, a), and no tube 
growth has been found outside toward the epidermis. The tubes pass 
between cells by dissolving the middle lamella, since, with the exception 
of a few cases in the suture for short distances below the stigma there 
is no canal in the style of the plum. At the first the course of the tube 
is very tortuous, but farther down the style it is more direct, the tube is 
narrower, and its stainable portion is longer. Vacuoles soon appear in 
the cytoplasm of the cells of the central core near the tubes; and later, 
before abscission all cells of the central core are more or less vacuolized. 
The point of abscission is much higher in some species than in others— 
in fact “pointed” plums are generally characterized by the persistence of 
a stub of the style. 


The ripe seed 


After fertilization there is great variation in the degree of development 
in the embryos in different pistils but there is a very rapid extension of 
the embryo sac into the canal. Coincident with embryo-sac extension 
there is rapid growth in the endosperm whose free nuclei form a thin 
jacket one cell layer thick around the inner surface of the embryo sac. 
Walls do not form between the nuclei of the endosperm for some time 
after the complete extension of the embryo sac to the chalaza. As the 
embryo sac enlarges, a conspicuous channel is formed in the nucellus, 
which is completely absorbed during the period of rapid endosperm 
growth. In many sections the nucellus is broken down considerably in 
advance of the embryo sac. After the endosperm is formed, it, like the 
nucellus, is largely absorbed and gives way very rapidly to the growing 
cotyledons. The endosperm, however, is never completely absorbed in 
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this genus and can still be found in the ripe seed in irregular patches be- 
tween the cotyledons and the seed coat, to which latter it is always joined 
and of which it may be considered to form a part (plate 2, 22,a). This 
condition led PEcHouTRE to suggest that the Rosaceae arose from plants 
with seed albumen. 

The “pit” in the plum (plate 2, 22, b) is formed by the laying down 
of stony tissue about the inner border of the carpel. The ovary wall 
thickens to form the fleshy edible portion of the ripe fruit. Hardening 
in the stone cells does. not take place until the normal size of the pit is 
reached. Since typically only one embryo is matured in each pit, it re- 
mains to be seen what disposal is made of the other one which is always 
found in the early stages. 


The suppression of one ovule 


During the earliest stages of floral development no differences are evi- 
dent in the two growing points on the placenta. At bloom there may 
still be an even development of the two ovules (plate 5, A) and rarely 
two embryos may develop to maturity (plate 4, H) in the same “pit.” 
Such development, however, is not the typical condition and while abor- 
tion is found at all stages between the megaspore mother-cell and ma- 
turity, in most varieties one ovule shows an arrested development pre- 
vious to fertilization. After fertilization the smaller ovule is quickly 
surpassed by the other and in the mature seed only the brown remnants 
of the integuments persist (plate 5, D). 

In the earliest stages of arrested growth found in the suppressed em- 
bryo, the integuments are normal in appearance and degeneration be- 
gins first in the megaspore and the cells of the nucellus immediately 
surrounding it. In some of the sections of the earliest stages the nucel- 
lus is a degenerate mass and the integuments are partly drawn together 
(plate 5, C). In these early cases of suppression the ovule turns brown 
and there is no further growth. In most instances, however, the embryo 
sac is formed. If both ovules develop normal embryo sacs, the one in 
which fertilization takes place first apparently gains the ascendency. 
Following fertilization, size differences soon become pronounced and in 
those in which fertilization does not take place the liquid is completely 
withdrawn. If fertilization takes place in both ovules, which sometimes 
happens, suppression takes the form of embryo abortion, in which case 
in the ripe seed the coats are often devoid of contents except for the 
partially developed embryo. 
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There is a great difference between varieties in the degree of develop- 
ment of a second ovule. The relative size of the ovule at the time of 
bloom was studied by outline drawings, and these show an equal de- 
velopment in a large number of pairs in some varieties and a large num- 
ber of cases in other varieties in which one ovule is conspicuously larger 
than the other. The drawings show, however, that neither ovule is con- 
stantly larger than the other. Near maturity, the greatest development 
in the suppressed ovule was found in Stella, a cross between P. triflora 
and P. americana. A series in the growth of the second embryo in this 
variety is shown in figure I, plate 4. This is in marked contrast to As- 
siniboin (plate 4, J) taken at approximately the same stage of develop- 
ment. 

Thus it will be seen that the typical condition is for one embryo to 
develop in each pit. In other words, approximately one-half of all ovules 
are suppressed, although normal development in one is all that is re- 
quired for fruit formation. This condition prevails in varieties repre- 
senting a single species or in extreme interspecific crosses and it occurs 
alike in varieties bearing normal pollen and in varieties in which most 
or all of the pollen is aborted. 


The dropping of pistils 
Under orchard conditions pistils fall at three distinct stages: (a) at 
cr immediately after bloom, (b) from two to four weeks after bloom, 
and (c) later, following considerable enlargement in the pistil. For 
convenience in presentation these will be taken up in the order of their 
occurrence. 


The first drop 


The extent of pistil abortion has been studied by a number of investi- 
gators, and the general conditions reported are comparable to those 
found in Minnesota. BarLey (1892) reports finding a wild tree of 
Prunus americana which “bears flowers without pistils.” Lorp (1894) 
found that all varieties sometimes bear flowers with aborted pistils. 
HEIDEMANN (1895) found go percent of aborted pistils in Hiawatha. 
GorF (1894, 1895) determined the degree of pistil abortion in a num- 
ber of varieties of P. americana, which in some cases, as in Moreman, 
amounted to as much as 74 percent. Peters (1916) evidently does not 
recognize dropping from aborted pistils and ascribes the falling of flow- 
ers “a few days after the petals” to non-pollination. Waucu (1896) 
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1ound 100 percent “defective pistils’ on several trees. He considers 
that in the aggregate they are “numerous enough to be taken into serious 
consideration,” but that they do not exert an influence on the crop “ex- 
cept in uncommon cases of total defectiveness.” In a later publication, 
WaucH (1897) presents extensive data showing the percentage of de- 
| fective pistils in a number of varieties in nine plum groups. Defective 
pistils have been given considerable attention in the present investigation, 
but the partial summary of WauGu’s data given in table’6 expresses the 
general condition very well. It will be seen that defective or aborted 
pistils are of wide occurrence and of sufficient numbers in many instances © 
to have an influence upon the crop. 


TABLE 6 
A summary of the data collected by WaucH (1897) on the extent of pistil abortion in the plum. 


Average per- 

Group | Percentage of defective pistils No. of | centage for 

| . | © § 10 15 20 25 30 35 40 45 50 55 60 65 70 75 &0 85 90 95 100] varieties group | 
Prunus domestics. 11232 29 43 
Japanese 710 7 3 2 2 2 I I 22 11.2 
| P. americana ..... 20 10 93168 432 I 6 4 55 21.2 
3:2 8.2 2 te 6 17.0 
17 3 2 10 1.9 
Wayland ......... 14355222111 I 12 10.5 
| Wildgoose ....... '2 38542 3 2 I ss I I 18 19.8 


1 


; Pistil abortion occurs at any stage from that of a slight growth of the 
flower rudiments in the early spring to the time at which the flowers have 
reached normal size at bloom; but for each variety the degree of growth 
reached before abortion is quite characteristic and varies but slightly. 
Flowers with the earliest-aborted pistils drop first but always come into 
full bloom. When abortion occurs so late that the pistil reaches normal 
size, but little further growth takes place and dropping: may occur as 
late as a week after bloom. Flowers with defective pistils always drop 
at the pedicel base and neither the calyx tube nor style is shed by abscis- 
sion because growth is not carried far enough. Pistils aborted at the 
earliest stages turn brown or black while the later ones to abort are dis- 
tinctly yellow compared with the green of normal ones. Two features, 
therefore, characterize this drop: (a) the flowers bear aborted pistils, 
and (b) falling takes place soon after bloom. The immediate cause of 
the dropping of the flower appears to be pistil abortion. 

Sections have been made of a large number of these defective pistils, 
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and in all cases both ovules are found to be aborted (plate 5, E, F). The 
aborted series presented is comparable with that of the single ovule pre- 
viously discussed. In the larger aborted pistils the dark color of the de- 
generated ovules can be seen distinctly through the carpel wall. In the 
earliest cases of abortion found the size of the pistil was several times 
that of the pistil in the dormant winter bud. It is of interest to note 
also that pistil and ovule abortion have no apparent influence upon pol- 
len development. 

The early abortion of pistils has been assigned to various causes. 
GorF (1901) held that abortion is due “in the majority of cases to a 
return of cold weather” after spring growth has once started. WauGH 
(1896) determined the percentage of defective pistils from nine varieties 
at different points between Denison, Texas, and Ottawa, Canada, which 
do not sustain the conjecture of Gorr because of the large numbers 
which he found aborted at all places. 

The fact that some varieties bear fruit in abundance for a number of 
years, and afterward for one or more seasons suddenly produce flowers 
that show a complete abortion of pistils suggests a definite relation of 
this condition to nutrition. Observation of changes of this nature have 
been made by a number of investigators (Lorp 1894, 1899; Gorr 1894, 
and others), and two striking instances have occurred at the Minnesota 
Station. One variety, Wickson, bore two heavy crops of crossed plums 
in the greenhouse, and the following year all pistils were aborted. In 
the second instance, Wolf under orchard conditions bore heavily in 1914, 
and for three consecutive seasons afterward produced less than 1 per- 
cent of normal pistils. Wickson was not subjected to killing tempera- 
tures previous to the time of abortion. 

The occurrence of aborted pistils in varieties of so many different 
species under cultivation as well as in wild seedlings indicates that the 
tendency to the appearance of this condition, whatever its cause, is wide- 
spread. The occurrence of so many aborted pistils in seasons following 
heavy fruits suggests, as noted, a connection with nutrition. It is a 
matter of general observation among fruit growers that heavy fruiting 
is likely to be followed by a light crop, but under these conditions fruit- 
bud formation is usually reduced. While the relation between food sup- 
ply and fruitfulness has not been definitely explained as yet on experi- 
mental grounds, the general relation shown in the orchard justifies plac- 
ing some confidence in the assumption of the relation between aborted 
pistils and nutrition. If this assumption is correct, a small degree of 
abortion may be interpreted as suggesting a competition between differ- 
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ent flowers in a bud while a total abortion indicates a much more gen- 
eral condition. 

The earliest stages of pistil abortion have been given careful cyto- 
logical study. The first appearance of disintegration is found in the 
ovule and consists of a breaking down in the embryo sac. The disinte- 
gration stages here closely resemble in general details those already dis- 
cussed in the abortion of one ovule. In the aborted-pistils series both 
ovules are affected; in fact, the general suppression of one ovule may 
be regarded as the first step in the aborted series and needs only the sup- 
pression of the other to complete it. When this condition is taken into 
consideration, together with the fact that early and late abortion take 
place, the series is complete. This indicates a condition of instability in 
the pistils in this genus, which if suggestive of dioeciousness has not yet, 
as will be shown later, progressed so far as to show a constant morpho- 
logical difference between flowers. 


The second drop 


The first drop is followed two weeks or so after bloom by another 
distinct wave of falling pistils. While there are a few intergrading 
forms between these two drops, certain features of the second drop sepa- 
rate it distinctly from the first. 

Unlike the pistils of the first drop, those of the second have every 
external appearance of being normal. Enlargement up to a certain point 
takes place and in most cases the calyx tube breaks away at least in part 
even though there is insufficient growth in the young plum to throw it 
off. The style is not deciduous in the earliest pistils to fall, but, like the 
calyx tube, drops in those which fall later (plate 1,D). In P. Besseyi, 
however, both the style and the calyx tube persist longer than in other 
species (plate 1, C). Pistils which fall in the second drop, as in the 
first, absciss at the pedicel base while the pistil is still green, although 
the pedicel has become light yellow. Yet in the last pistils of the second 
drop to fall the abscission layer is formed at the base of the ovary (plate 
5, K) and in some instances can be easily broken off at this point. Even 
the last pistils to fall, which are usually the larger ones, are still turgid, 
and while abscission generally precedes browning and shriveling, in 
some varieties the integuments turn brown and the sap of the rucellus 
is partly or completely withdrawn in many of the pistils before they 
fall. The browning appears first in the chalaza and gradually extends 
to the nucellus and integuments and sometimes even to the stone tissue. 
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From the foregoing it is evident that there are characteristic features 
which distinguish the second drop from the first. 

By referring to table 7, it will be seen that at about three weeks after 
bloom in accounting for all the flower buds or flowers produced by a 
tree only four different categories are necessary. Other varieties could 
have been included in the table but these four illustrate something of 
the extremes encountered. These counts were made in the spring of 


1917. 


TABLE 7 
A percentage classification of the total number of flowers borne by four varieties of 
plums, on the basis of those which were winter-killed, those which 
fell at the first drop, at the second drop, and those which “set.” 


Date of Flower buds | First Second | Number 
Variety bloom winter-killed | drop drop set 
May 17 34 55 II 
Minnesota No. 18'......... Io 50 35 
“ 19 42 46 7 5 
* Abundance Wolf. Burbank Wolf. 


After deducting the number of flowers winter-killed, those which fell 
with aborted pistils, and those which set, a considerable number. vary- 
ing from 7 to 55 percent, remains. These constitute the second drop, 
which in number is comparable to those of the first drop. In fact, it 
will be seen that in one variety the first drop may be greatest and in 
another the second, and that in all cases the number of pistils listed under 
either drop is greater than the percentage to set. Leaving out of con- 
sideration the flower buds killed during the winter and those eliminated 
in the first drop, as a rule there still remains a sufficient number to pro- 
duce more than a crop if fertilization occurs in them. These are analyzed 
further in table 8 in order to determine what size differences occur be- 
tween those which set and those which drop. 

This analysis was begun seventeen days after bloom, when the sec- 
end drop had started. The size of those dropping and those still per- 
sisting (table 8) was compiled from records made in 1917, in which the 
pistils in each category are put into classes according to their greatest 
diameter parallel with the suture. Attention is called to the relative 
size at the time of falling of pistils open to cross-pollination and those 
from which the stigma was snipped before pollination. 
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Emphasis is placed upon the following points brought out in table 8: 
(a) the period of abscission of the second drop extended from 17 to 30 
days after bloom; (b) beginning with the first pistils to fall, size differ- 
ences between those persisting and those which fell, gradually increased 
with time; (c) pistils which fell within the above-mentioned time limit 
enlarged only up to a certain point; (d) those pistils with the stigmas 
snipped before pollination, enlarged before falling, to a size comparable 
with that of those not so treated; and (e) in each variety there was a 
gradual increase in the size of the pistils which fell off. 

The degree of enlargement of certain pistils over others is again shown 
in plate 1, A and B, in which the extremes in the percentage of pistils 
to set, 3.1 and 63.9 percent, respectively, are shown. The distinction in 
size between the first and second groups of pistils to fall is appreciable, 
since at bloom the normal pistil is only 1.1 to 1.5 mm through the suture 
diameter. Only a few of this size are recorded in table 8. Plate 1, D, 
illustrates the difference between those falling last and those setting, in 
Minnesota No. 21, thirty-one days after bloom. With this analysis, 
showing so clearly the size distinction between those falling and those 
persisting, the evidence as to the cause of the falling of the second group 
will be presented. 


The cause of the second drop 


The similarity in size at the time of falling of those pistils open to 
pollination and those whose pollination was prevented by snipping the 
stigma, would alone appear to justify the conclusion that the second 
drop is due to non-fertilization. This point, however, was investigated 
further by two different methods: (a) by excluding pollen, and (b) by a 
cytological examination of the ovules. 

In the experiments in which pollination was prevented, tents were 
placed over one tree each of Minnesota No. 21, Assiniboin, Wohonka, 
Wakapa and Prunus americana, during the period of bloom. On account 
of the total self-sterility of these varieties no emasculating was done 
under the tents. The entire lot of normal pistils under the tents, includ- 
ing branches with snipped stigmas, those self-pollinated and those not 
pollinated, showed dn enlargement similar to those falling with the sec- 
ond drop under orchard conditions and fell with them. But controlled 
crosses under the tents set in approximately the same proportion as un- 
covered trees of the same variety adjacent. 

As checks to the tented trees in the orchard, two trees (Manitoba and 
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Yellow Egg) were held under observation in the greenhouse where pollen 
was definitely excluded from the stigma by emasculation; on these trees 
the pistils which were not pollinated showed enlargement before falling, 
similar to those under the tents. Before concluding finally that fertiliza- 
tion has not taken place in pistils which fall in the second drop the state 
of development in the embryo sac should be determined. 

The condition in the ovule has been examined in pistils definitely known 
not to have been pollinated. These served as a check to those examined 
from the second drop. In the absence of fertilization an interesting con- 
dition is created in the ovule, which shows something of the dependence 
upon the egg of development in other parts. The contrast will be shown 
between the fertilized and unfertilized condition. 

The general proportions between the different parts of the pistil are 
maintained in the partial enlargement which takes place in the second 
drop. The integuments thicken and expand, a condition which is in 
marked contrast to that usual in the suppressed ovule. The nucellus in- 
creases in size, as was noted by BACKHOUSE (I9I1 a) in self-pollinated 
pistils which fell “generally within three weeks,” but it seldom breaks 
down before abscission, although there may be a partial withdrawal of 
sap. The canal as a rule extends into the nucellus but little beyond the 
chalazal end of the embryo sac in the pistils which fall earliest in the 
second drop; later, however, there is considerable canal extension. In 
one pistil from which the stigma was snipped before pollination, at 
thirty-four days after bloom the canal through the nucellus had extended 
to the chalaza (plate 5, J). This ovule had grown to the largest size of 
any found in the absence of fertilization and was 4.4 mm long and 1.5 
mm wide. Peters (1916), working with varieties of Prunus domestica, 
states that when self-sterile varieties are self-pollinated, “the carpel 
swells up to the size of a culinary pea before it falls,” but that if the 
flowers are not pollinated, they fall ‘a few days after the petals.” Ap- 
parently he fails to make a distinction between the first and second drop. 
The point is that ovule development reaches only a certain size in the ab- 
sence of fertilization, but the pistil in which fertilization has not occurred 
persists after the style and calyx tube have fallen. 

Turning now to the embryo sac, the early stages after bloom where 
fertilization has been prevented show the normal nuclear condition. 
Breaking down in the nuclei of the embryo sac first appears from two to 
three weeks after bloom. Disintegration takes place in the antipodal . 
nuclei first, then in the endosperm nuclei and lastly in the egg nucleus. 
In figures 25 and 26, plate 2, the first stages of disintegration are shown 
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in the egg, twelve days after bloom. More advanced stages are shown 
in figures 23 and 24, plate 2, which are drawn from pistils collected 24 
and 34 days respectively after bloom. In the last instance pollination 
was prevented by snipping the stigma. It will be seen that the nuclei in 
the embryo sac persist long enough to allow for a considerable delay in 
pollination. The persistence of the egg in the absence of fertilization is 
decidedly different from the condition in the apple, in which KNIGHT 
(1917) found that “at 120 hours the egg cell begins to show disinte- 
gration.” 

The embryo sac elongates but little if fertilization does not take place 
(plate 5, G, H). Even in the case noted above of exceptional ovule 
development there was but very slight elongation of the embryo sac. 
Cases of this kind suggest that canal extension is independent of the 
embryo-sac growth when certain sizes are reached in the ovule. Endo- 
sperm in the absence of an embryo has been found only in two cases in 
Yellow Egg (P. domestica), in which a few divisions had apparently 
taken place. As a single exception, an embryo four cells across was 
found in a pistil falling within the size limits of the second wave of 
dropping. These instances may be regarded as intermediate between the 
second wave and the third. 

The condition found in the unfertilized series is in marked centrast 
with that found when fertilization takes place. As early as 18 days 
after bloom the embryo sac in which the egg has been fertilized extends 
the entire length of the nucellus to the chalaza, and a jacket of endo- 
sperm, usually only one cell thick, covers the entire area of the “dumb- 
bell-shaped” sac. With the completion of these changes in the embryo 
sac the embryo may be no larger than four cells across (plate 2, 27). 
The slow growth of the embryo in the early stages and the extremely 
rapid formation of endosperm have been emphasized by Pé&cHOUTRE 
(1902). 

It will be seen from the above observations that all the evidence shows 
that fertilization has not occurred in the pistils which fall at the second 
drop. This is in accord with the statement of WauGH (1899) that 
“the germs of the incipient seeds are not fecundated.”” Pollination may 
have taken place, but tube growth was retarded to such an extent that fer- 
tilization was prevented probably by the abscission of the style. By re- 
ferring to the article on weather in relation to fruitfulness (DorsEy 
1919) it will be seen that this drop can be ascribed primarily to un- 
favorable weather at bloom—especially rain and low temperatures— 
which would also account for the differences in the extent of the second 
drop from year to year. 
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The third or “June drop” 


Following the second drop there is still another—the so-called “June 
drop.” In popular usage the term June drop applies primarily to the 
third drop of large plums because they are much more conspicuous, but 
does not include the relatively few which fall from time to time, even 
up to maturity. WaucGH (1899) distinguishes clearly between the sec- 
ond drop and the June drop. He says that “this first fall of minute 
fruits (which sometimes takes the whole crop) is commonly stipposed to 
result from non-fecundatiori of the ovules,” but that “this is not the 
true June drop.” BackKHousE (I9gII a) states that “it seems probable 
that the trouble known as the June drop of the Americans” is “to be 
explained as a consequence of self-pollination.” According to the evi- 
dence presented previously, self-pollinated pistils drop at sizes similar to 
those at which unpollinated pistils drop and for the same reason. It has 
been shown that time and size of dropping draw a relatively sharp line 
between the first and second waves of dropping. Likewise these two 
factors separate the second drop from the third. From table 8 it will 
be seen that when fertilization does not take place enlargement reaches 
only a certain point, the maximum recorded being in the 5.6-6.0 mm 
class, while the mode is near 3.0 mm. Among the last of the second 
drop an occasional ovule is found with slight embryo development, which 
shows that there are connecting forms between the second and third 
drops as well as between the first and second. In approximately one 
month (table 8) the second drop is over, and those setting have so in- 
creased in size as to place them in a distinct size class from those which 
have fallen. 

The size of plums in the third drop is shown in table 9. By compari- 
son with table 8 it will be seen that considerable enlargement has taken 
place and that the size of those falling is comparable with the size of 
those persistent at the earlier date. 

The measurements of Assiniboin and Winnipeg were made forty days 
after bloom and include a small number of fruits which fall without 
injury and a large number injured by curculio stings. These fell for the 
most ‘part with the third drop and have generally been considered a part 
cf it. Dropping occurred as late as forty to eighty-three days after 
bloom. In the cross Compass X Yellow Egg the entire crop fell just be- 
fore maturity. So plums which fall at this drop, like those which fall 
at the first and second, have a characteristic size with a considerable 
range in the time of falling but with a pronounced mode. It should also 
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TABLE 9 
Showing the size of plums falling at the June drop. Under the headings Assiniboin 
and Winnipeg the size of those falling from curculio stings is also given. 


| 4x ax | 
Date June 26 | May 7 June 22 June 2r | June 26 
Days after 
bloom 40 54 83 82 40 
a a a & @ 
plums (5 & s s 
A a | a FAs 
56-75 | 1 | 
7.6- 9.0 | 2 6 
9.1-10.5 2 I 13 
10.6-12.0 I | 25 I I 
12.1-13.5 13 17 2 3 
13.6-15.0 25 | 15 12 
15.1-16.5 | 15 | 2 8 
16.6-18.0 7 | 8 3 
18.1-10.5 2 12 
19.6-21.0 I I 
21.1-22.5 2 I 2 
22,6-24.0 I 3 
24.1-25.5 I 
25.6-27.0 | 2 
27.1-28.5 | | 
28.6-30.0 | I | 
*Stung by curculio. ? Greenhouse cross. 


be noted that the method of abscission in the June drop is different from 
that in either of the others. The conducting tissue of the pedicel, espe- 
cially at the base, has become hardened, while this condition has as yet 
not been reached at the base of the ovary. Consequently, instead of 
parting at the pedicel base as in the first and second drops, abscission 
takes place between the plum and pedicel and in the most advanced cases, 
as in the normal falling of the ripe plum, the pedicel does not drop but 
may persist for one or more years. A further difference is found be- 
tween the second and third drop in that neither calyx tube nor style is 
ever present as late as the time of the third drop. 
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Seed development in the June drop 


Sections have been made of the embryos of a large number of plums 
which fell at the June drop. Dissections were also made of ovules at 
various stages to determine the amount of growth in the embryo. The 
general condition found may be summarized as follows: (a) embryo 
development started but growth stopped at any time from the stage 
when the embryo was a few cells across to the time at which it had 
reached nearly the mature size; (b) endosperm had partly formed, but 
the embryo gained the ascendency to such an extent that it was often 
found naked in the nucellus; (c) enlargement in the seed could reach 
nearly the mature size when fertilization had once occurred, accompanied 
by only a slight growth of the embryo. 

Considerable variation was found in the relative development of em- 
bryos. A characteristic of all the seeds dissected in the cross Compass X 
Yellow Egg (table 9 and figure E, plate 4) was the small amount of 
endosperm present. In fact, in some seeds none could be detected. The 
last stages of the seeds of this cross show a complete absorption of the 
sap of the nucellus and a drying and withering of the seed coats, within 
which the embryo appears as a lump at the pointed end. In many of the 
seeds of this cross neither embryo nor endosperm could be found by hand 
dissection, indicating an early abortion of both. The canal, however, is 
very prominent and it is possible that complete embryo-sac extension has 
taken place before abortion. An early browning of the seed coats soon 
follows suppression of the embryo. In this cross all plums fell before 
maturity but after they had reached nearly the normal size. 

In a cross between Minnesota No. 21 and Burbank, embryo develop- 
ment differed from that described above. Many plums of nearly mature 
size—ranging from 15 to 20 mm through the suture diameter—were 
falling 82 days after bloom. Dissection of the seeds showed consider- 
able growth in the embryo and only traces of endosperm. F, plate 4, is 
a series showing embryo growth, natural size. Sections were made of 
some of these embryos, and one of the smaller was only sixteen cells 
across—yet the plum had persisted for nearly three months. The ex- 
ternal appearance of the seeds in this cross is similar to that of Stella 
(plate 4, G). 

It may be argued that fertilization had not taken place in those cases 
in which an embryo sac could not be found. Even if an embryo could 
not be found the size of the plum was so much greater before falling 
than those of the second drop where fertilization is known definitely not 
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The relative development of the embryos in plums dropping a week to ten days before ma- 


A STUDY OF STERILITY IN THE PLUM 457 


to have taken place, that the size alone may be taken as conclusive evi- 
dence of fertilization. This position appears justifiable in view of the 
fact that in the experiments carried on under the tent and in the green- 
house, in which pollen was definitely excluded from the stigmas, the 
cases in which the size of pistils approached that of the pistils falling at 
the third drop were so few as to be negligible. 

The great rapidity in endosperm formation and also in embryo-sac ex- 
tension have been emphasized ; therefore the occurrence of embryos with- 
out or with only a partial growth of endosperm was not to be expected. 
The above status of seed development in the Compass X Yellow Egg 
cross is not typical. In table 10 some of the variations found in a cross 
between P. triflora and P. americana are set forth. The seeds classified 
in this table were taken from fruit falling just before the normal plums 
were ripe and were typical of the plums which so often ripen earliest. 
From I, plate 5, it will be seen that the tissues of the seed are easily 
distinguished. 

TABLE 10 
turity in a cross between P. triflora and P. americana, All were taken 


on the same date, August 19, 106 days after bloom and 
showed no evidence of external injury. 


Embryo | 
size Seed coat Nucellus Endosperm Embryo Cotyledons 
x Brown Sapabsorbed| %4-developed Present |3 lobes. 8.6 mm long 
% Brown and shriveled “ Very small/1.8 mm long 
y, “ “ “ | “ “ “ “ Absent None 
x% “ “ “ “ “ Slightly “ “ “ 
% y- Present |5 mm long 
% 3 | Normal Normal Present [12.7 mm long 
% White and turgid | = 
Brown “ “ “ “ 11.7 “ “ 
Full size White “ “ | “ “ “ 14.3 “ “ 


The condition in the later stages of the development shows that there 
is in each case at least partial growth of the endosperm. The sap of 
the nucellus is withdrawn in all cases, resulting in the shriveling of the 
seed coat when the embryo is partially formed. When the embryo is 
marked “absent” the supposition is that growth stopped early so that it 
was too small to detect in dissection. In four seeds the endosperm ap- 
peared in the irregular patches characteristic of maturity. These plums 
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were of nearly full size and differed from the others in that they ripened 
earlier. The condition of seed development near maturity in these was 
so similar to that found earlier at the June drop that they could, were it 
not for confusion, be included under that heading. 

The status of development in the ovule in the third drop shows marked 
differences from that in the second. Firstly, a greater size is attained 
than is ever found in the second drop, and secondly, instead of there be- 
ing disintegrating nuclei within a slightly elongated embryo sae, tissues 
cease growing at various stages rather than disintegrating. This lat- 
ter fact alone suggests an additional stimulus absent in the second drop. 


Cause of the June drop 


WaucH (1899) considered that three principal causes enter into the 
June drop: (a) “non-pollination,” (b) “curculio-work,” and (c) “the 
struggle for existence.” It has been shown that non-pollination is the 
cause of the second drop and that the size element alone eliminates this 
factor from the third drop. After an examination of the aborted em- 
bryos in the June drop, WauGuH’s conclusion that “it seems fair to con- 
clude that pollination plays a considerable, though varying, part as a co- 
operating cause of the June drop,” appears to be wrong. It may also be 
stated that although plums stung by curculio fall at this time, that cur- 
culio work is not necessarily a cause since it can be controlled and in 
some seasons is negligible. In addition, the third drop occurs on trees 
in which the small setting of fruit would not appear to create conditions 
of competition sufficiently intense to eliminate a large number, and it 
may also be very slight when there is an exceptionally heavy setting of 
fruit. This was the condition in one tree of Prunus americana in 1918, 
in which 67 percent of the flowers set fruit (plate 1, B). Growers gen- 
erally find that the number of fruits set is not reduced to a relatively 
fixed maximum by the struggle for existence but that the tree matures 
the excess crop at the expense of size. If the struggle for existence is 
the primary cause, this drop would be expected to take place later, nearer 
the time of maturity, when greater demands are made upon the available 
food. 

It will be seen therefore that certain considerations detract from the 
importance of the struggle for existence as the primary factor in this 
drop. However, it is not the intention to attempt to eliminate this fac- 
tor entirely since recent studies (Ewart 1907, 1909; MULLER-THURGAU 
1898, 1908 ; HEINICKE 1917; and WurIpPLE 1917) show a specialization 
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and adjustment in the growing parts not heretofore suspected. While 
the work of the authors cited has dealt primarily with the grape and 
apple, observations made in this connection show that influences of a 
similar nature, among them the fruiting habit, are at work in the plum. 

Varieties of the different species vary in the production of fruit buds 
on the terminal one-year growth. Some of the outstanding differences 
are shown in P. domestica, in which only 22 varieties out of 158 bore 
fruit buds on the terminal annual growth. In P. triflora 19 out of 21 
bore nearly a full crop. In P. americana 18 out of 21 varieties bore 
fruit buds on the terminal growths. On the other hand, P. Bessey: fruits 
primarily on the terminal twigs. 

In the varieties available in this investigation there was a pronounced 
June drop in the plums borne on the terminal wood. In fact, on the 
older trees fruit seldom matured in this position. The dropping of fruit 
from the terminal growths can be partly accounted for on the basis of 
the competition from a thorn or branch which is developed between the 
lateral fruit buds on the terminal twigs the second season. This condi- 
tion occurs over the entire outer area of the tree. 

On vigorous six-year-old trees of Minnesota No. 21, an attempt was 
made to influence the setting of fruit on the terminal growths by remov- 
ing the flowers from the remainder of the tree. On one tree all flowers 
were pulled off excepting on the terminal growths, and 53 fruits set on 
37 shoots compared with 53 fruits on 55 shoots on an untreated check 
tree adjacent. The condition on the one-year shoots was not strikingly 
different from that on the two-year wood of the check on which 23 
branches bore 33 fruits. On still another tree the fruiting thorns were 
cut off, leaving bloom only on the one-year terminal growths. In this 
case there was a smaller setting of fruit but a very luxuriant terminal 
growth. It is possible that the treatment noted above was made too late 
for complete adjustment to take place. All trees of this variety bore a 
light crop the year of the test,—1917. Under favorable conditions fruit 
matures on the terminal shoots, but the percentage to set is small con- 
sidering the mass of bloom, and even the small setting noted above is 
far in excess of the usual condition when there is a full crop on the re- 
mainder of the tree. It is apparent that in this position competition takes 
place between fruit and branch as well as between different fruits. 

Evidence of further adjustment in the plum is shown by the shorter 
terminal growths produced during the season of heavy fruit production. 
Loes (1918) studied growth adjustments in Bryophyllum and found 
that “equal masses of sister leaves produce approximately equal masses 
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of shoots,” even when the number of shoots differs. In this form the 
first shoots to grow attracted “automatically the material available for 
shoot formation.” In the plum, when there is a large setting of fruit, 
fruit production gains the ascendancy over vegetative growth; likewise, 
vegetative growth becomes uppermost in the terminal positions when the 
crop is limited. It appears, therefore, that within certain limits there is 
justification in assuming that the “struggle for existence” is a factor in 
the third or June drop. 

Table 11 gives evidence of still another influence at work in the June 
drop. These data are taken from controlled crosses made on tubbed 
trees in the greenhouse where growth conditions were favorable. Pol- 
lination and aborted pistils may be eliminated, since all pollination was 
done by hand on normal pistils. The records as to the number set in 
each cross were made approximately four weeks after pollination when 
size differences in the ovary made it possible to distinguish between 
those in which fertilization had taken place and those in which it had 
not. The differences between the first and second column represent those 
pistils which fell because of lack of fertilization—the second drop,— 
while the differences between the second and third columns show ap- 
proximately the extent of the June drop. 

In those crosses in table 11 on which data were taken both at the time 
of setting and at maturity a total of 1900 fruits which set were reduced 
by dropping to 726 mature fruits. In certain crosses many more fruits 
fell than in others; e.g., in the cross Compass & Yellow Egg, of 1327 
flowers pollinated, 652 fruits set and 8 matured. The condition in the 
seed of these is shown in figure E, plate 4, from which it will be noted 
that abscission took place near maturity. Again, in the cross Minnesota 
No. 12 & Manitoba, of 180 fruits which set 80 matured. In contrast 
to this in the cross Compass X Burbank, 116 fruits set and 114 matured. 
The general condition shown in these results is that in many of the 
crosses fertilization takes place but subsequently at different stages de- 
velopment is stopped,—a condition which shows that in some crosses 
fruits cannot mature for some reason, even after fertilization has taken 
place. The plum is comparable, therefore, to the sweet cherry (Garp- 
NER I1913)—namely, all varieties are self-sterile, some cross-sterile and 
some cross-fertile. 

In summarizing the relation of the pistil to sterility, it will be seen 
from the evidence presented that there are three distinct periods of drop- 
ping; (a) the first drop of flowers bearing aborted pistils; (b) the sec- 
ond drop, including all pistils in which fertilization has not occurred; 
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TABLE II 
Showing the relationship between the number of flowers pollinated, the number set, 
and the number of fruits to mature in different plum crosses. 


Number of| Number of| Number of 

Parentage of cross flowers fruits fruits 
Pistillate Pollen pollinated set mature 

Burbank Minnesota No. 140 60 40 

“ x “ “ 208 39 

“ x “ “« 6 379 28 22 

“ “ “ 241 46 

“ x “ 314 85 53 

“ “ “ 274 89 

“ x “ “ 12? 68 5 
ve X Surprise 457 266 121 

5 X Yellow Egg 124 43 _- 

Compass Burbank 175 116 114 

Yellow Egg. 1327 652 8 

Bing 34 I I 

i S. Biggareau 169 I I 
Wickson I tree 275 
Etopa x P. Besseyi 1 branch —_ 4 
Minnesota No. 1 X Minnesota No. 6 127 2 I 
“ “ “ x “ “ “ 9 oO a 

“ “ “ x “ “ 9 237 10 5 

“ “ “ x “ ,# “ 78 I pe 

| “ “ “ x “ “ 35° 105 I o 
“ “ “ x “ “ “ 92 
4 “ “ “ x Terry 20 6 4 
Yellow Eg 116 29 I 
“ “ “ x “ 54 7 
: * “ 6 X Burbank 44 8 8 
“ “ “ x “ 89 18 
“ X Manitoba 169 68 61 
Minnesota No. 9 238 48 39 
“ “ “x “ “ “ 308 96 me 
| “ “ “ x “ “ 432 108 8 5 
| “ “ “ x “ “ “ 430 Aa aaa 
“ 1X Yellow Egg IOI 44 17 
| " “ 9 X Minnesota No. 6 61 3 2 
“ “ “ x “ 12 537 

“ “ “ x “ “ “ 309 oO _ 

4 “ “ “xX “ “ 35 209 63 50 
* * X Yellow Egg 65 13 13 

* “ 12 X Manitoba 400 180 80 

Minnesota No. 6 207 20 3 

“ “ “xX “ “ “ 341 51 
“ “ “ x “ “ 9 300 48 20 
“ “ “ x “ “ “ I5I 
“ “x “ 35 305 84 | 48 


* Burbank X Wolf. 
* Abundance X Wolf. 
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TABLE II (continued) 
Showing the relationship between the number of flowers pollinated, the number set, 
and the number of fruits to mature in different plum crosses. 


Minnesota No. 12 X Yellow Egg ] 80 20 2 
“ 35 X Minnesota No. 9 65 7 
“ “ “ x “ “ 12 | 274 3 2 
P. americana P. americana 29 
P. Simoni x Surprise 48 7 4 
Surprise Burbank 108 24 
Terry Burbank II 
Yellow Egg >< Compass 181 oO o 
Minnesota No. 6 45 I I 
“ “ x “ “ 9 | 508 4 — 


and (c) the third or June drop, in which embryonic development is 
stopped. Consequently, each drop appears to be due to a different cause, 
and each is distinct from the others. The size differences at the time 
of falling are not peculiar to the plum. Preliminary observations of the 
apple show essentially the same condition. An outstanding feature of 
the evidence presented is a stimulus to growth of the pistil which results 
from fertilization—a stimulus which results in distinct size differences 
between the fruits of the second and third drops. It appears, therefore, 
that, excluding the loss from fungous diseases and insect injury, there is 
justification for placing the pistils which fail to mature in three distinct 
categories. 


THE GENETIC PHASE OF STERILITY IN THE PLUM 

Self-sterility in the plum has been investigated from three angles: (a) 
the elimination of gametes in the abortion of pollen and the suppression 
of one ovule in each ovary; (b) the genetic relationship or “affinity” be- 
tween species and varieties; and (c) a study of the pollen and pistil con- 
dition as a basis for determining the type of sterility. In the treatment 
of each of these divisions an attempt will be made to see in how far 
there is justification for placing a genetic interpretation upon the condi- 
tion found to exist. 


The elimination of gametes 
In the strict usage of the term it is not proper to refer to the elimi- 
nation of gametes in speaking of pollen or pistil abortion but for con- 
venience of presentation this may not be misleading since potentially 
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these would produce gametes were it not for suppression at early stages. 
Elimination takes place at many stages of development. In the case of 
pollen it was shown that, while in certain extreme hybrids there is evi- 
dence of irregularity in nuclear reorganization following the heterotypic 
division, for the most part pollen suppression begins at the time of 
microspore liberation and extends nearly to maturity. The extent of 
pollen suppression presented in table 4 shows that a considerable number 
of gametes are eliminated in this genus by means of pollen abortion. 

In all plum anthers there is a considerable quantity of pollen which is 
never shed. Even after the pollen is shed a large number of grains are 
eliminated from consideration because they fail to reach the stigma. 
While the pollen which is lost in the process of pollination is by far 
the greater portion, such a loss is common to all open-pollinated plants 
and the element of chance deals alike with all types of pollen. 

Considering now only those grains which reach the stigma, either by 
controlled or open pollination, sections show that while the quantity is 
variable, some are aborted and some are normal in appearance (plate 5, 
L, M). Of those which are normal in appearance some develop tubes 
and some do not. Aborted grains, however, never send out tubes. 
Again, those which germinate show great differences in the rate of tube 
growth, so much, indeed, that by far the larger number are eliminated 
so far as fertilization is concerned and are disposed of with the abscission 
of the style. In fact, in all the sections of pistils showing tubes in the 
micropyle, no cases of more than four tubes were found. It will be 
seen, therefore, that the number of tubes which reach the micropyle is 
extremely small compared with the total number of tetrads or micro- 
spores produced. 

Turning now to the pistil, it has been shown that while two ovules are 
formed, typically one is suppressed before fertilization. This disposes 
of one-half the total number. In a considerable number of pistils,—those 
which fall at the first drop,—both ovules are suppressed. A further re- 
duction takes place when fertilization is prevented by various causes,— 
this number being represented by the second drop. Consequently, as in 
the case of the pollen, the number of ovules which fail to function, com- 
pared with those which do function is relatively large. 

Thus it will be seen that in the case of both pollen and pistil there is 
an extensive suppression of pollen and ovules which eliminates the gam- 
etes each would bear. The question now arises as to what causes are 
operating in each case to produce this condition in the germ plasm. 
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This phase of the subject has recently been given careful study by 
geneticists. They have brought forward convincing evidence which 
shows that there are certain factor combinations in heterozygous lines 
of descent which cannot undergo normal development at critical stages. 
The evidence upon this point has been reviewed by VALLEAU (1918) 
and BELLING (1918) and need not be discussed again in this connection. 
Suffice it to say that these researches have included both cytological 
studies of germ cells (TIsCHLER 1908; ROSENBERG 1909; GATES I9I5) 
and breeding tests (BripcEs 1916; East 1915, and MorGan 1914), and 
that the facts which have been brought out by these two methods of 
approach to the problem are mutually corroborative. 

The suppression of one ovule in each pistil may appear at first to 
constitute an exception to this interpretation. And it should be empha- 
sized that this condition does not necessarily appear to be entirely com- 
parable genetically to that of the aborted-pollen series, since, associated 
with a constant suppression of one of the two ovules borne by each pistil, 
there may be in the same flower a complete suppression of pollen in one 
instance, or, in another, a normal development of all factor combinations 
represented in the pollen. If, however, there are certain factor combi- 
nations which cannot be brought to maturity in the Ix condition the 
suppression of one ovule would be the method of expression of this, 
unless certain combinations can develop in the ovule which cannot de- 
velop in the pollen. Pé&cHouTRE (1902) found that in Prunus spinosa 
two cells may start to function as embryo sacs, but that one surpasses the 
other in development. In the axial row of each of the two ovules in an 
ovary a mechanism is provided in the extra cells which do not function 
as embryo sacs for further elimination of genetic combinations if the 
cell which would normally function as the embryo sac can be replaced by 
another cell of the axial row. In this way factor combinations may 
eliminate as many as three cells of each axial row without interfering 
with the typical pistil development, i.e., two ovules at the start with one 
suppressed generally before fertilization. This mechanism would also 
explain why it is possible to have, say 90 percent of the pollen aborted 
in forms in which all of the pistils are normal. The fact that there are 
a considerable number of flowers with aborted pistils, representing 
widely the varieties and species of this genus, suggests that factor com- 
binations may be partly responsible for aborted pistils, especially when it 
is considered that the suppression of one ovule takes place before ferti- 
lization. 

This interpretation of the elimination of gametes is, of course, based 
upon the assumption of a heterozygous condition in this genus. The 
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evidence in support of this has not been presented in this connection, but 
the great variability in fruit and tree characters shown by wild seed- 
lings of Prunus americana, P. Besseyi, and P. mgra found isolated in 
some regions, as well as studies of a large number of F, seedlings of 
controlled interspecific crosses, show that species and varieties of Prunus 
are far from being homozygous. Furthermore, this condition would 
appear to be emphasized because of general self-sterility which would 
necessitate continual crossing. 


The genetic relationship of varieties and species 


Considerable attention has been given to the “affinity between differ- 
ent varieties and species by WauGH (1898, 1899), HEmeMAN (1895) 
and others. This has been judged primarily by the ease with which 
crosses can be made and by the effectiveness of different varieties as 
pollenizers with others. 

In interspecific crosses varieties of P. triflora have been found to cross 
readily with such widely separated species as P. americana and P. Besseyi. 
Also, P. Besseyi can be easily crossed with P. triflora, P. americana and 
P. armenica. ‘A still wider cross—Compass (P. Bessevi X Mineri) 
x English Morello is shown in plate 4, K. Additional interspecific 
crosses are listed in table 11. In fact, in the fruit-breeding work at 
Minnesota a large number of interspecific combinations, involving two or 
more species, have been made, but successful crosses between any of these 
species and P. domestica are extremely rare. It appears, therefore, from 
these experiences, as well as from the large number of extreme inter- 
specific crosses which have been reported in horticultural literature in the 
last fifty years, that in this genus the degree of sterility between species is 
considerably less than in some other genera which have been studied. 

Something of the condition which exists between varieties is well il- 
lustrated by Whitaker, Milton, and Sophie, all of which are open-pollin- 
ated seedlings of Wild Goose. Whitaker and Milton bloom at the same 
time, but are inter-sterile; both, however, are fertile with Sophie, but 
Sophie, used as the pistil parent, is fertile with neither (WauGH Igor). 
There are instances cited also in table 11 which show complete inter- 
sterility. For instance, Minnesota No. 9 is completely sterile when 
crossed with Minnesota No. 12, but fertile with Minnesota No. 35 and 
Minnesota No. 6. Again, Minnesota No. 12 sets fruit when crossed with 
Minnesota No. 35 and No. 9, but is nearly sterile with Minnesota No. 6 
and Yellow Egg. 
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HEIDEMAN (1894) tested further the relationship between varieties by 
pollinating about one hundred blossoms of Wolf with pollen from six 
different varieties. Those blossoms pollinated with Hiawatha (Prunus 
americana) bore fruit which “were superior in size and quality to all the 
rest,” as contrasted with those of Early Red which set no fruit. Com- 
menting upon experiments of this nature he states (HEIDEMAN 1895) 
that “the union of such crosses as possess the proper degree of affinity 
will prove fertile, while the union of those lacking in affinity will prove 
sterile.” He further found that “if all of the flowers of a cluster are 
pollinated legitimately, they will set fruit, barring accident,”—and that 
many plants, especially of P. americana, “had the power of throwing off 
such ovaries as were fertilized by pollen lacking in sexual affinity.” 

A careful study of the data in table 11, in which are shown a large 
number of interspecific combinations, will show in a general way the 
influence of the so-called “affinity” or genetic relationship upon the set- 
ting of fruit and especially upon the third drop. While no attempt has 
been made in this connection to determine by means of crossing the 
relationship of any considerable number of varieties, something of the 
extremes in relationship are shown by these crosses. The question which 
now arises is, to what extent does the failure of certain combinations to 
develop enter into the falling of pistils at the second and third drops. 
This has been discussed in part in connection with the cause of the June 
drop, but it has been clearly brought out in table 11 that some combina- 
tions not only set but develop fruit more readily than others. For in- 
stance, in the cross Minnesota No. 9 X Minnesota No. 12, 537 flowers 
were pollinated and not a single one set fruit. This instance together 
with the general differences shown in many other cases between the 
number of flowers pollinated and those which set fruit show that there 
is a large mortality in all crosses. 

Considering now the differences between the number of fruits which 
set (table 11) and of those which matured, instead of the difference be- 
tween the number of flowers pollinated and of those which set fruit, it 
will be seen that in some of the combinations, as in the cross Compass 
xX Yellow Egg, a large number of fruits may set and but few ripen. 
This condition is further emphasized when a number of different crosses 
are made on different branches of the same tree, in which case it is not 
uncommon to get a heavy set on one branch and a light set or none on 
another. The same differences in setting would be expected, if instead 
of keeping the crosses separate by branches the same combinations were 
mixed on different flowers on the same branch. 

One interesting feature of the crosses listed in table 11 is the difference 
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in time of dropping in certain combinations, the size of the fruit indi- 
cating definitely that fertilization has occurred. Generally the abscission 
of pistils in which fertilization has occurred takes place at about the six- 
week period; but in the cross Compass X Yellow Egg, for instance, 
nearly the whole crop fell about one week before maturity but not until 
nearly the full size had been reached. 

So far the discussion has dealt with arrested development during the 
formation of pollen or pistil, between pollination and fertilization, and 
after fertilization. That this is not the complete series is shown by the 
fact that in the seed-bed a much higher percentage of seeds of some 
combinations fail to grow than of others,—even when left in place for 
two seasons. REEVES (1917) in the Report of the Vineland Station for 
1916-1917 found out that out of a total of 19,400 seeds planted only 813 
germinated,—approximately 1 in 24,—and that in some varieties none 
grew even though as many as 2000 seeds were planted. These results 
agree with those at the Minnesota Fruit-breeding Farm, where, in over 
150 parent combinations including many interspecific crosses, there were 
great differences in the number of seeds to germinate. The plum is not 
unusual in the small percentage of viable seeds. East (1915) found 
that germination in Nicotiana varies from 20 to 60 percent, and in Oeno- 
thera, Davis (1916) found a high percentage of seeds which were not 
viable. 

Instances such as these appear to support the hypothesis that certain 
factor combinations are able to develop only so far,—some failing in the 
zygote, some in the embryo, and some not until the time of formation 
of the ovule or of the pollen. 

In addition to the cross relationship it has been held by some investi- 
gators that there is still another influence bearing upon the sexual status 
in the plum, namely, a tendency toward dioeciousness. This contention 
has been based upon the variation in style- and filament-length found in 
different trees in native species. Since dioeciousness was shown to have 
a direct bearing upon sterility in the grape (BoorH 1902; BEacH 1898, 
1899; Dorsey 1914) and in the strawberry (VALLEAU 1918), the con- 
dition in Prunus reported by HemmEMAN (1895) has been investigated 
further. 

HEIDEMAN illustrates the following flower types in the plum: (a) the 
dichogamous type in which the stigma passes the receptive stage before 
the*pollen is shed, and the reverse in which the pollen is shed before the 
stigma is receptive; (b) heterostyled types, those in which the pistil is 
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longer than the stamens, and the converse in which the stamens are 
longer; and (c) the bisexual group, which may be regarded as the ex- 
treme expression of the heterostyled types, in which stamens on one 
hand and pistils on the other are functionally suppressed. All of these 
types have been found in this investigation, but those of the third class 
are encountered so rarely that their significance from the standpoint of 
dioeciousness may be questioned. 

In order to determine the degree of variation in the flowers of Prunus 
americana, a survey was made of the flower types borne by wild plants 
growing along roadsides and in gullies in the region bordering the Min- 
nesota River west and south of Minneapolis. H&rImDEMAN also made his 
observations of this species along the Minnesota River at New Ulm, 
sixty miles or so farther up-stream. The data obtained in this survey 
of over a hundred miles of road or river bank are presented in table 12. 


TABLE 12 
A summary of data obtained in a survey of the flower condition in 212 native trees of 
Prunus americana, showing the variability in pedicel-, stamen- and style-length. 
The data on the variation in the length of stamen and style (pistil) 
are presented in the table in such a way as to show the relation 
of the length of these structures to that of the pedicel. 


Pedicel length 
Stamen- and pistil-length | Long | Medium | Short 
14mm’*] 10mm 6mm Total 
Style longer Style long (11.5mm)4 2 18 3 23 
than stamens " med. ( 9.5 mm) 9 37 12 58} 95 
si short ( 7.5mm) 3 5 6 14 


Stamens longer! Stamens long (11.5 mm) 14 2 23 
than style med. ( 9.5 mm) 4 28 8 40 73 
8 


short ( 7.5mm)| — 2 10 
Pistil and 
Pistil and stamens long (11.5 mm) I 2 3) 
stamens of " med. ( 9.5mm) 5 27 I 33$ 44 
equal length short ( 7.5mm)| — 4 4 
Total 31 143 38 | 212 


* These figures are the mid-points of the class. 


This table shows that on the basis of the relative height or length of 
pistil and stamens the flowers of this species can be grouped into three 
classes : those in which the pistil is longer and projects above the stamens, 
those in which the stamens are longer and project about the stigma, and 
those in which these two structures are equal in length. It is further 
shown that in each category the structures in question vary from long 
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to short. Pistil- and stamen-length apparently bear no constant relation 
to pedicel-length, since when the pistil or stamens are long the pedicel 
may vary from long to short. 

Furthermore, the occurrence on occasional trees of partial pistil sup- 
pression, while producing functionally a staminate flower, is so variable 
as to have little significance in relation to evolutionary changes. In case 
of complete stamen suppression a functionally pistillate flower is like- 
wise produced, but these cases are also rare. 

The status of length relationship between stamen and pistil therefore 
appears to be that of independently varying structures. If dioeciousness 
is gaining expression in this species, as is contended by HrEmeman, 
flower structure has not as yet been sufficiently changed so that there are 
distinct pistillate and staminate flowers, although the stamen and pistil 
are of equal length in less than one-third of the flowers. Self-sterility, 
on the other hand, is prevalent in all flower types, and results in the same 
necessity of crossing as dioeciousness. Differences in length in a struc- 
ture, at least up to a certain point, do not necessarily influence its func- 
tioning, but it is probable that in the case of the pistil, other things being 
equal, long styles would render fertilization more uncertain than short 
ones, when conditions at bloom were unfavorable. 

It yet remains to be seen in how far the condition in the plum can be 
assigned to genetic causes and how far to nutrition. In this investiga- 
tion the problem has been approached primarily from the genetic stand- 
point. It is probable that the two methods of approach are not as in- 
compatible as may at first appear, and it is not the intention to mini- 
mize in this connection the bearing of those considerations broadly 
grouped under physiological influences. 

Fruit development in the plum is apparently more dependent upon 
normal seed development than in some other fruits. In the apple there 
is considerable variation in seed development in different varieties, and 
the relation of seed development to size has been emphasized by WarrTE 
(1894), Kraus (1915), Hernicke (1917) and others. In fact, fruit 
formation without seeds or even with only rudimentary carpels is not 
uncommon in the apple. Seedless grapes occur in a number of species 
but particularly in V. vinifera, and have long been a matter of comment 
by horticultural writers. A similar relation between seed formation and 
size prevails in the grape and the apple. The condition in the plum, how- 
ever, in which typically a single seed is matured, and in which the stimu- 
lus to development must come from a single seed instead of from many, 
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appears to be more sharply defined. In fact, it has been shown that de- 
velopment may stop at any time between fertilization and maturity. This 
being the case the genetic relationship would be a more decisive factor 
than in a fruit in which there are many seeds or in which seed develop- 
ment is less essential to fruitfulness. 

In order to get at the question at isstie, suppose for the moment that 
fertilization has taken place in all of the pistils on a plum tree and that 
all set. The question is, could all pistils develop into mature fruits? If 
this were possible, a single spur such as that shown at N, plate 4, would 
have to bear approximately three quarts of fruit (assuming 18 plums 
per quart), or at each node, as at L and M, plate 4, six to nine plums 
would have to be borne. For physical reasons alone such fruit produc- 
tion as this could not take place on the entire tree or even on a single 
spur. What factors enter, then, to reduce the number of fruits? 

Among the first to suggest itself is competition for available food. 
But it is not clear why competition alone would be the deciding factor 
in view of the possible adjustment as to size which takes place when the 
number of persistent fruits is large. This adjustment within a variety 
may be so great as to make a difference on the basis of size of between 
18 and 48 plums per quart. Again if only one pistil in ten sets fruit 
(the approximate ratio in the cases shown in table 11 is one in four to 
set and one in ten to mature), would there be any necessity for 2 third 
drop on the basis of competition for available food? It is conceivable 
that competition would be considerably reduced if only one in ten were to 
set fruit, but from table 11 it will be seen that even this reduction in 
pistils does not necessarily prevent a further loss. 

A study of fruit development at various stages shows some interest- 
ing adjustments in the plum. In the terminal positions on the one-year 
wood, as has been noted, vegetative growth is given emphasis over fruit 
production. On the native species—excepting P. Besseyi—the greater 
amount of fruit is produced on two-year-old wood. In either case there 
are instances where the terminal positions appear to favor some buds 
and fruiting growths over others. As a result, there is considerable vari- 
ation in the time of opening of different flowers on a tree and hence in 
the receptiveness of different stigmas. Consequently some pistils are not 
only pollinated before others but in some fertilization occurs earlier than | 


i 


in others. Differences in time of fertilization, other things being equal 
is no doubt the most important single factor,—not even excepting differ- 
ences in position,—in enabling one pistil to gain the ascendency over 
others. The size differences in pistils are pronounced at the time of early 
bloom but become even more conspicuous after fertilization. 
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In a very detailed analysis of the factors influencing the abscission of 
flowers and partially developed fruits in the apple, HernicKEe (1917) 
shows that position, nutrition and seed development are important con- 
siderations, but these were not carefully checked by him with reference 
to fertilization and genetic combinations. Pieters (1896) found that 
the effect of fruit-bearing upon the tissues is local, being confined in the 
plum and peach to “a small area in the immediate neighborhood of the 
iruit-stalk,” but that in the apple and pear the effect is “perceptible 
throughout the one-year-old shoot.” The local effect on the wood cylin- 
der disappears in time. Even these adjustments, which are largely a re- 
sult of differences in nutrition, do not create a condition which results 
in fruit setting only in certain positions, which would tend to be the 
case if competition were the determining factor. 

Therefore, with the evidence at hand from controlled crosses in addi- 


‘tion to that from the studies of pollen and pistil, the interpretation that 


normal development is determined by the factor combination either in 
the 1x or 2% condition appears justifiable. The influence of unfavorable 
factor combinations upon the June drop is especially direct in the plum, 
since there is but a single ovule which develops or not as the case may be. 
The case is different in the apple where many seeds may develop but one 
or more may be sufficient to furnish at least a-partial stimulus to de- 
velopment. When there is a heavy setting of fruit resulting in increased 
competition for a relatively limited food supply, the uncongenial factor 
combinations are the first to cease development, and they are not saved 
either by a favorable position on the twig or by early fertilization. The 
difference in the time of falling at the third drop, although becoming 
less and less as maturity is approached, can be explained on the basis 
that some combinations can proceed farther in development than others. 
Also the greater relative number which fall at the third drop when the 
set is heavy would be expected, because there would be a larger number 
of combinations which could not develop beyond a certain point when the 
competition was most acute. Moreover, if this hypothesis is correct, it 
would appear that some combinations could be carried much farther 
under especially favorable conditions of nutrition than under adverse 
conditions. Finally, in order to check definitely the influence of position 
upon nutrition, careful attention would have to be given to the selection 
of homozygous material. 


The type of sterility in the plum 


The phenomena of self-sterility and cross-sterility in the plum have 
much in common with those reported in other forms. The outstanding 
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features are: (a) the constancy of expression of self-sterility even in 
P. domestica in which about one-half of the varieties are self-fertile; 
(b) the occurrence of cross-sterility (table 11) ; and (c) the slow growth 
of pollen tubes under the condition of self- and cross-sterility. 

Strout (1916) has divided the cases of sterility reported to date into 
three groups: sterility from impotence, sterility from incompatibility, 
and sterility from embryo abortion. These are subdivided to include 
variations within each group. Sterility of both the second and third 
types appears in the plum. The type of sterility from incompatibility is 
comparable to that reported in Secale by Jost (1907), in Nicotiana by 
East (1915) and by East and Park (1917), in Cichorium by Stout 
(1918), and in the apple by Knicut (1917). Embryo abortion, found 
to be so common and to contribute so largely to the June drop, has been 
reported in the plum by WauGuH (1899), and also in a number of other 
forms, such as the apple (Kraus 1915), and Oenothera (Davis 1915 a, b, 
1916). 

On account of the occurrence in Prunus of self- and cross-sterility, of 
the type characterized by slow pollen-tube growth, the results of previous 
studies of pollen germination are of especial interest. Attempts to germi- 
nate pollen in nutrient media have shown generally that a considerable 
number of grains do not send out tubes (WauGH 1900, GoFrF I90I, 
GARDNER 1913, VALLEAU 1918, and East and Park 1917). The nut- 
rient requirements of pollen tubes are not as yet well enough known to 
determine whether all grains of normal appearance can be made to germi- 
nate. While germination tests may be suggestive as to the viability of 
pollen, they do not serve as an index to cross- or self-relationship nor 
can the exact line between normal and aborted pollen be drawn as yet by 
this method. Judging from the general appearance of plum pollen-tubes 
formed in artificial media and on stigmas, there appears to be no ques- 
tion that true tube formation occurs in artificial media even though tube 
growth has been short in the media used. The conspicuous knotted and 
twisted terminations of apparently normal tubes found in the artificial 
germination tests, comparable with those illustrated by Gorr (1901) 
throw some doubt, however, upon the pollen-tube growth being normal 
beyond a certain length. The point has been emphasized by Stout 
(1916) and East and Park (1917) that in the most carefully con- 
trolled germination tests in nutrient media, the maximum tube growth 
required for fertilization has not as yet been reported. 

East and Park (1917), in a careful review of the studies on chemo- 
taxis conclude that there is “certainly a probability” that pollen tubes 
show this phenomenon, but in their experiments in which parts of the 
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“gynaecium” were placed in the media the results were negative al- 
though there was some evidence of increased tube growth. Strout 
(1918) suggests that a “critical period in the growth of the pollen tube 
may result from secretions of the egg and that the different qualities 
of the pistil may be due to the diffusion of hormones from the gameto- 
phytes.” The plum furnishes some evidence upon this point. The larger 
aborted pistils in the first drop become receptive even though the ovules 
are aborted. Pollen tubes grow in these before the flower drops. In 
one case, in a hand-pollinated pistil of P. Besseyi what appeared to be a 
tube was found in the carpel cavity near the aborted ovule. Tube growth 
has also been found in other pistils, open-pollinated, in which both ovules 
have aborted late before bloom. Instances like these would appear to 
preclude the possibility of a stimulus influencing tube growth coming 
from a normal egg, since in these cases development of the embryo sac 
had not proceeded to the formation of the egg. 

The failure of so many normal-appearing grains to germinate on the 
same stigmas on which other grains do germinate, as is the case in the 
plum, raises the question as to the location of those factors which de- 
termine germination or non-germination. Jost (1907), East (1915), 
Srout (1917), and others have emphasized the fact that the pollen tube 
is a 1% structure nourished from the 2 tissues of the sporophyte. This 
relationship is the same in self- and cross-pollination. East and Park 
(1917) found considerable differences in tube length in Nicotiana and 
ascribed this condition to differences in the time of pollination rather 
than to differences in genetic constitution. In controlled crosses in Nico- 
tiana (East 1917) 129 seeds were obtained as a result of the applica- 
tion of 149 pollen grains to the stigma. This is a surprisingly high pro- 
portion compared with results with the plum. A survey of the sections 
of a plum stigma, crossed in the greenhouse, shows that many grains 
were aborted and sent out no tubes, that others were normal in appear- 
ance but did not germinate, that a few sent out short tubes which at the 
time of fixation, 70 hours after pollination, had not extended below the 
stigmatic cells, and that fewer still sent out longer tubes, the longest of 
which extended less than one-half.of the distance to the ovule. 

When plum stigmas are first receptive in the greenhouse, they are of- 
ten under the niost favorable conditions covered with a conspicuous drop 
of the stigmatic fluid. When pollen is applied to such a stigma, as was 
the case in the above instance, all grains may be considered as entering 
the same substratum. Within as short a time as two to five minutes af- 
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ter being applied, pollen imbibes the stigmatic fluid, and even most of 
the aborted grains become turgid. When the amount of the stigmatic 
secretion is less, or when pollen is applied before receptiveness, there is 
greater unevenness in the matter of coming in contact with the stigmatic 
fluid. Such a condition would undoubtedly result in uneven germination, 
even if all pollen grains were viable. In the plum there appears to be 
another factor influencing germination and tube growth as well as time 
of pollination, because so many normal-appearing grains never germinate. 
This condition indicates that even in a fertile cross some grains are 
sterile, which is easily explained by the assumption that they differ in 
their inherited factors. 

The taking up of the stigmatic fluid must certainly precede germina- 
tion. In this way the protoplasmic contents of all pollen grains come in 
contact with the same substratum within a relatively short time; and 
barring selective absorption the swelling of the grains indicates that this 
is so. The fact that aborted grains do not send out pollen tubes shows 
that the growth response of the pollen comes from the nucleus instead 
of the cytoplasm. Up to this time, the lot of all grains would appear to 
be the same, and the differences noted above in germination and tube 
growth in the pollen of a controlled cross begin at this point. As to 
the style and stigma, that portion through which tubes grow would be 
composed of similar cells. By means of the stigmatic fluid, the gameto- 
phyte furnishes a homogeneous nutrient substance to the poilen, in the 
same way that the anther sap furnished a homogeneous nutrient medium 
to the microspores at an early stage of development. It would appear, 
therefore, that variations in the growth of pollen grains applied simul- 
taneously to a receptive stigma would arise from differences in the pol- 
len rather than in the stigma or style. 

What relation, then, do self- and cross-sterility bear to the 1¥ and 2x 
conditions? Strout (1916) points out that “a plant whose two sets 
of sex organs are completely incompatible is itself derived from the fu- 
sion of two cells that were compatible.” This is also true of complete 
compatibility. This being the case, at what point in the ontogeny of a 
plant do the differences which bring about self-sterility arise? Cyto- 
logical and genetic evidence for the most part point to a remarkable con- 
stancy in descent from cell to cell; this would be expected to continue in 
the stamen up to the time of the reduction divisions. The cells of the 
stigma and style are formed by somatic division and consequently under- 
go no such changes as are known to take place at the time of chromo- 
some reduction. The g gametes arise from cells in the anther which 
are in the same line of descent ‘as those of the style and stigma, but un- 
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der the conditions of self-pollination they bear a changed relationship 
to a once congenial association, and since sterility due to incompatibil- 
ity must occur at this stage, and in this relationship it appears that ge- 
netically there is lacking some factor or substance in the 14% condition 
which is present in. the 2%. Whatever the basis for this changed rela- 
tionship may be, it expresses itself in self- and cross-incompatibility and 
prevents the union of gametes which might possibly be congenial if 
they were permitted to come together. It appears logical, therefore, to 
assume that the change comes at the time of the reduction divisions, 
even if the change has not as yet been defined in terms of chemistry and 
physiology. It yet remains to be seen whether breeding experiments 
show an expression of self- and cross-incompatibility sufficiently definite 
and constant to warrant placing this character in the same category as 
others which have been investigated genetically. 

Baur (1911) crossed Antirrhinum molle, which is self-sterile, with 
A. majus, which is self-fertile, and all the F, plants were self-fertile. 
Both self-fertile and self-sterile plants appeared in the F, generation. 
Compton (1912) found in Reseda odorata that when self-sterile plants 
were bred inter se the progeny were all self-sterile; some self-fertile 
plants gave only self-fertile offspring when selfed, and other self-fertile 
plants when selfed produced a progeny in which there were approxi- 
mately three plants self-sterile to one self-fertile. Compton held that 
self-fertility in this species is a simple Mendelian dominant. In working 
with Reseda odorata he obtained results from crossing and selfing ex- 
periments which, on account of constancy of expression and the ratios 
cbtained, can be interpreted as being in accord with the hypothesis that 
self-sterility is a simple Mendelian dominant to self-fertility. In Cardam- 
ine pratensis CORRENS (1912) found a fairly well defined relationship 
as to sterility or fertility when two original parent plants, B and G, 
were pollinated with F, individuals. On the basis of this relationship 
with both parents, he grouped the 60 plants obtained from this cross 
into four approximately equal classes; fertile with both B and G, 16; 
fertile with B but sterile with G, 16; sterile with B but fertile with G, 14; 
and sterile with both B and G, 14. Likewise, when the F, plants were 
crossed with the parents they fell into four classes; sterile with B, 28; 
fertile with B, 32; sterile with G, 30; and fertile with G, 30. CorrENs 
advances an explanation of his results by assuming that units, represent- 
ing chemical substances—“line stuffs’”—segregate in germ-cell forma- 
tion. Certain discrepancies in his classes have been noted by Stout 
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(1916) and by East and Park (1917), which, however, do not set aside 
the distinct differences in cross- and self-relationship found to exist. 

East and Park (1917) have presented an excellent analysis of the 
inheritance of self-incompatibility in four species of Nicotiana all of 
which are self-sterile. The data show that as to cross-relationship the 
plants within either a single family or more than one family, can be 
grouped into classes in which each member is sterile with the others 
but fertile with all the individuals of every other class. In the different 
families these intra-sterile classes varied from one to six. These crosses 
show not only that self-incompatibility is inherited but that reciprocal 
crosses are duplicated. Both self- and cross-incompatibility were found 
to be due to slow tube growth. The authors propose a genetic interpre- 
tation of their results in line with recent factorial analysis. On the 
other hand, Stout (1916, 1917, 1918) reports a different status of 
sterility in self- and cross-pollinations in Cichorium. His results are 
interpreted as showing that all grades of self- and cross-incompatibility 
exist in this species. In fact, self-fertility appeared in a family of red- 
leaved Trevios after three generations of self-sterile ancestry. The 
progeny of self-fertile plants do not breed true for this character. Stout 
holds that “the factors which determine or prohibit successful fertiliza- 
tion in chicory, whatever their essential nature may be, are highly vari- 
able as to degree, specificity, and transmission in heredity.” It will be 
interesting to note from future research in which other forms this same 
condition obtains. 

BACKHOUSE (1912) worked with varieties of P. domestica and states 
that “there is evidence both from analogy and from the results of plum 
hybridization undertaken by Messrs. LAxton Bros. in the past, to show 
that self-sterility is a simple unit character, self-fertility being recessive, 
and that the heterozygote, when self-fertilized, sets a fruit here and there, 
as do Mallard and River’s Early Prolific. 

Later, Sutton (1918) reporting further on the work begun by Back- 
HOUSE, says: 

“Tn view of the recent experiments of others two main questions arise, 
(1) whether self-sterility is a simple Mendelian recessive character; 
(2) whether the older observers were right in considering that in such 
cases self-steriles are fertile with the pollen of amy other variety, or 
whether there are not, rather, several classes. of individuals, between 
which there is what East has called ‘cross-incompatibility. As regards 
the first question there is nothing in our results which negatives the view 
that the property of self-sterility may be a recessive, but until a later 
generation can be tested, the only evidence bearing on this aspect of the 
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matter is the fact that the results with plums and cherries are consistent 
with the supposition that the plants consist of two larger classes, self- 
fertiles and self-steriles, with a smaller number of plants of intermediate 
properties. These and presumably some of the self-fertiles may be sup- 
posed to be heterozygous. The self-fertile class forms a fairly homo- 
geneous group, and the occasional indications of partial self-fertility 
are probably attributable for the most part to errors.” 

Self-sterility tests indicate a different condition in the varieties of the 
American species of plum. The uniform occurrence of self-sterility indi- 
cates that this condition is dominant in the species tested. The limited 
data available show that besides the large group of self-sterile varieties 
(with only two possible exceptions) there are also cross-fertile and cross- 
sterile groups, as in Nicotiana and other species. So far, however, the 
limits of these last two groups have not been determined experimentally. 

It will be seen, therefore, that while the physiology of tube growth is 
as yet only partly understood, much has been learned of self- and cross- 
incompatibility as a result of cytological and genetical studies. Inheri- 
tance studies of sterility show the behavior of this character to be quite 
in keeping with that of others which have been investigated genetically. 
There would seem tc be no question concerning the segregation of a 
character at the time of the reduction division which produces a differ- 
ence between pollen tube and stylar tissue, which, as East and Park 
(1917) state, results in a type of sterility that is merely a physiological 
impediment. The type of self- and cross-sterility in the plum, there- 
fore, is comparable with that in other forms and can be ascribed to slow 
tube growth. 


SUMMARY 


Self-sterility tests in the plum show that the varieties of the American 
species are self-sterile. This condition, therefore, has an important com- 
mercial bearing. 

In Minnesota pollen development proceeds no farther in the fall than 
the archesporial-cell stage and growth in the spring begins about the 
first of April. 

The haploid chromosome number was found to be ten in nine varie- 
ties representing seven species. 

The tissues of the mature anther develop and function normally so 
that there appear to be no influences from this source which would con- 
tribute to pollen abortion. 

The pollen mother-cell wall persists after rounding up in the mother- 
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cell until as late as the formation of the microspores. During the period 
of enlargement in the anther cavity these walls stretch and thus do not 
interfere with anther expansion or microspore formation. 

The tetrad wall in section appears as a thin layer or membrane in 
close contact with the mother-cell wall and separates from it first at the 
angles and narrow ends of the pollen mother-cell. This wall thickens 
subsequent to the heterotypic division and forms the thick wall char- 
acteristic of the tetrad before the liberation of the microspores. 

A thin wall is formed about the microspore before liberation from 
the tetrad wall and the three sutures with a single germ pore in each 
appear as thickening in the pollen wall begins. The mature grain is char- 
acterized by thick walls, with a furrowed surface, and fimbriated mar- 
gins to the germ pore. The tube nucleus and the generative cell are 
much contracted in mature grains and are found near the center at the 
time of dehiscence. 

Normal pollen development is typical of the plum and, while many 
aborted grains are found in all varieties under investigation and in some 
supposedly pure species, pollen abortion is not a cause of sterility except 
in rare instances where suppression is complete. 

The earliest evidences of suppression were found immediately follow- 
ing the heterotypic division in an extreme hybrid. In other varieties 
suppression began after miscrospore liberation from the tetrad wall and 
grains were found in which suppression had taken place at all stages up 
to maturity. The percentage of aborted pollen was higher in hybrids 
than in species supposed to be pure. 

In many of the hybrids pollen was found to break up into yellowish 
oily globules. This substance accounts for the fact that pollen of some 
varieties is “sticky” at dehiscence and is not readily blown away by wind. 

Stamens may metamorphose into either petals or pistils but in the 
anthers affected new types of aborted pollen are not found. 

In general the status of pollen development in the forms under in- 
vestigation showed that neither self- nor cross-sterility could be ex- 
plained upon the basis of pollen abortion. 

Pistil development in the fall showed no evidence of the growing 
point from which the ovule is formed, but at bloom the ovary may con- 
tain two ovules in each of which there are four to eight nuclei. Typi- 
cally, either before or soon after bloom one of the ovules is suppressed 


but many variations were found in the degree of growth before sup- 
pression. 
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Pistils were found to drop in three waves which are separate and dis- 
tinct in point of time and size. 

The first drop takes place inimediately after bloom. In all flowers 
which drop at this time the pistils are aborted. In some abortion oc- 
curred so early that the pistils were no longer than five millimeters, in 
which case the pistil at bloom was always brown. In other flowers the 
pistils were nearly normal in size, but in these both ovules were aborted. 
Flowers bearing aborted pistils generally bear normal pollen. 

The second drop takes place from two to four weeks after bloom and 
includes all pistils in which, for any reason, fertilization has not taken 
place. In pistils which fall at this time the conditions in the ovules are 
interesting. The egg remains normal in appearance for two weeks but 
may persist as long as 33 days after bloom. The first nuclei to break 
down in the absence of fertilization are the antipodals, and these are fol- 
lowed by the endosperm nucleus which does not divide when fertilization 
is prevented. The embryo sac elongates only slightly when the egg is 
not fertilized but jhe canal, into which it lengthens normally, extends full 
length in the nucellus until it reaches the chalaza. The ovary reaches a 
size of two to five millimeters in diameter before dropping. 

The third or “June drop” follows the second by an interval of about 
two weeks. This drop is characterized by the larger size of the plums. 
Fertilization has taken place but embryo development has stopped. An 
outstanding feature of this drop is the stimulus which results from 
fertilization compared with the second in which this stimulus to develop- 
ment is lacking. 

Emphasis has been placed upon the fact that pollen development in 
the plum is suppressed during the period of growth when the chromo- 
some number is reduced. Abortion can be explained by the assumption 
that when some factor combinations are brought together complete de- 
velopment cannot take place during the haploid condition of the gameto- 
phytic generation. This assumption is supported by the large percentage 
of aborted pollen in known hybrids. 

The suppression of one of the two ovules in each ovary was found to 
be typical. Suppression generally took place before fertilization but 
sometimes afterward: when it occurred before fertilization, growth was 
found to stop at any stage from the megaspore mother-cell to the mature 
embryo-sac. When one ovule was suppressed after fertilization the one 
in which fertilization first took place, other things being equal, appeared 
to gain the ascendency. 
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LEGEND FOR PLATE 1 

A, a Sand Cherry hybrid 30 days after bloom. On the branch, a part of which is 
shown, there were 392 flowers. Of this number 73 had aborted pistils and only 12 set. 

B, a part of a branch of Prunus americana 30 days after bloom, on which 138 
fruits were set and only 78 pistils dropped. 

C, a single twig of A (enlarged) showing the persistent calyx tubes and styles. 

D, Minnesota No. 21, 31 days after bloom, showing the size differences between 
those setting and the pistils with unfertilized ovules which have not as yet dropped. 
The smaller plums illustrate the second drop. The calyx tube and style drop earlier 
in this variety than in that shown in C. 


480 
~ 
} 
> 
ae 
4 
| 
: 
a 


Dorsey, M. J., A STUDY OF STERILITY IN THE PLUM 


Genetics 4: 1919 


PLATE I 


4 
| 
| 
eed 
ae : 
| 
] 
| 
: 
} 
j 


A STUDY OF STERILITY IN THE PLUM 481 


The reason over fifty percent of pollen may be aborted in forms in 
which only one-half of the ovules are suppressed can be explained on the 
basis that if the nucleus in the axial row of cells which would normally 
function as the embryo sac contains a factor combination which inhibits 
development its place can be taken by one of the other cells. The sup- 
pression of one-half of the ovules, however, in forms in which there is 
only a small percentage of aborted pollen, indicates that other than ge- 
netic causes enter into this condition in the plum. 

In controlled crosses different combinations set different percentages 
of fruit. In some fertilization does not take place and all pistils fall in 
the second drop, in others fertilization occurs but a part or even all may 
drop. The interpretation is that different factor combinations bring 
this condition about through arrested development. The general rela- 
tionship may be expressed as follows: All varieties under investigation 
were found to be self-sterile, some cross-sterile and others cross-fertile. 

The type of sterility, either self- or cross-, was found to be that termed 
incompatibility, in which gametic fusion is prevented by slow tube 
growth. 

Many normal-appearing grains failed to send out pollen tubes when 
placed on a receptive stigma under conditions similar to those in which 
others developed tubes. Aborted grains never send out tubes, even 
though they take up the stigmatic fluid. 

Thus some pollen grains germinate and some do not under the con- 
ditions of the stigmatic fluid much the same as some microspores develop 
and some do not under the conditions of the anther sap. These differ- 
ences appear to be due to something inherent in the grains rather than 
in their substratum, which either in the case of another sap or stig- 
matic fluid, may be regarded as homogeneous throughout. This condi- 
tion can be explained by differences in genetic constitution. 


LITERATURE CITED 
ALDERMAN, W. H., 1917 Experimental pwork on self-sterility of the apple. Proc. 
Amer. Soc. Hort. Sci. 1917 : 94-101. 


Auten, C. E., 1905 Nuclear division in the pollen mother-cells of Lilium canadense. 
Ann. Bot. 19: 189-258, pl. 6-9. 


BackHouse, W., 1911a_ Self-sterility in plums. Gard. Chron. 50: 290. 
1911b Self-sterility and self-fertility in plums. Rept. British Ass. Adv. Sci., p. 


590. 
1912 The pollination of fruit trees. Gard. Chron. 52: 381. 


Bartey, L. H., 1892 The cultivated native plums and cherries. N. Y. (Ithaca) Agric. 
Exp. Sta. Bull. 38, pp. 1-73. 


Genetics 4: S 1919 


. 


482 M. J. DORSEY 


LEGEND FOR PLATE 2 


1—NMinnesota No. 21. Showing the origin of the tetrad wall adjacent to the tape- 
tum. In the plum the mother-cell wall persists after rounding up in the cytoplasm, 
but in the grape it is dissolved in this process. 

2—P. angustifolia. A tetrad showing the origin of the microspore wall. 

3.—Minnesota No. 21. A drawing of the germ pore and suture at the one-nucleated 
stage of the microspore. 

4.—The vegetative nucleus and generative cell in the mature pollen grain. 

5.—Minnesota No. 21. The vegetative nucleus and generative cell immediately 
after reorganization following division ia the microspore nucleus. Compare with 
6, 7, 8, 9 and 10. 

6, 7—Minnesota No. 21. The genera‘ive cell of a pollen grain which did not 
germinate. The stigma was. self-pollinaied twenty-four hours before killing for 
sectioning. 

8—Minnesota No. 21. A contracted generative cell in mature pollen. Note the 
relative size of the vegetative nucleus and the generative cell. 

9.—The generative cell in the final stage. In this section the generative cell has 
so contracted that only the nucleus is visible and the nucleolus can seldom be made out. 

10.—Same as 9, another variety. 

11.—A pollen tube in the micropyle showing what is probably the generative nu- 
cleus and also the cross partition in the tube. 

12,—P. Besseyi X P. armenica. A dyad with only one nucleus organized. These 
instances are rare. The grain adjacent showed a similar condition. 

13.—P. Besseyi X P. armenica. Showing the scattered condition of the chromatin at 
early metaphase of the heterotypic division. 

14.—P. Besseyi X P. armenica. A tetrad with an extra, small nucleus and also the 
heavily staining bodies in the cytoplasm. 

15.—P. Besseyi X P. armenica. An intermediate stage in tetrad degeneration in 
which extra nuclei and rings appear in addition to the deeply staining bodies. 

16.—P. Besseyi X P. armenica. A final stage in tetrad nuclear degeneration in 
which none of the nuclei are reorganized. The remnants of spindles indicate that 
division has taken place. Extreme cases like this suggest a connection between the 
rings in the cytoplasm and chromatin. Some of the spherical bodies can be inter- 
preted as small nucleoli. 

17.—Minnesota No. 21. The nucleus of a microspore at diakinesis showing the 
size at this stage compared with nuclei in the mature pollen as in 4. 

18.—P. Besseyi X P. armenica. A drawing of a tetrad showing three small nuclei 
in one lobe, where typically there should be only one. 

19.—P. Besseyi X P. armenica. Liberated tetrads showing the extreme contrast in 
size soon after liberation. The smaller one has no nuclear membrane and can be 
interpreted as representing an early-aborted stage. The germ pore is forming in the 
larger one before there is much thickening in the wall. 

20.—Minnesota No. 5. The winter stage of the pistil as it appeared March 22. 
There is as yet no growing point in the carpel cavity from which the ovules develop. 

21.—Burbank. Illustrating the general morphology of the ovule 5 days before bloom. 

22.—Cross section of plum showing the embryo, cotyledons, unabsorbed nucellus (a), 
stone tissue (b), and suppressed ovule (c). 


(Legend for plate 2 continued on page 484) 
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23.—Minnesota No. 35. An egg 24 days after bloom. There is less disintegration 
than in 24. 

24.—Minnesota No. 35. An egg 34 days after bloom. At this stage the canal 
through the nucellus extends to the chalaza but there has been only a slight elonga- 
tion of the embryo sac. The egg is the only cell remaining in the embryo sac. 

25.—Minnesota No. 35. The appearance of the egg 12 days after bloom, the stigma 
being snipped before pollination. In this case there has been no elongation of the 
egg sac and the cytoplasm of the egg appears vacuolated. The full number of nuclei 
could not be found in the embryo sac. 

26.—Minnesota No. 35. Same as 25 except that the embryo sac has elongated to 
half the distance through the nucellus and the egg shows further evidences of dis- 
integration on account of its vacuolization and irregularity. 

27.—Minnesota No. 35. An embryo 24 days after bloom in a plum which appeared 
to be setting normally. 


LEGEND FOR PLATE 3 


Photomicrographs showing the pollen condition in some extreme plum hybrids. 

A—Wohonka X Cherry (P. triflora & P. americana) X P. cerasus. 

B.—Opata, P. Besseyi X (P. triflora X P. Munsoniana). 

C.—Satsuma Compass, (P. triflora (P. Besseyi P. hortulana Mineri) ). 

D.—P. Besseyi « P. Simoni. Note the advanced stage of the breaking down of 
pollen into globules. 

E—Wolf, P. americana mollis. An early stage of the breaking down of pollen 
into globules. The walls are affected first. 

F.—Opata, P. Besseyi X (P. triflora X P. Munsoniana ?). 

G.—Burbank, P. triflora. 

H.—P. Pissardi. 

I—Minnesota No. 21, (P. triflora & P. americana mollis). 

J.—Minnesota No. 17, (P. triflora & P. americana mollis). 

K.—Kamdesa. 

L.—Chokecherry, P. virginiana. Pollen rarely aborted. 
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A—An advanced stage of petalody in a P. triflora cross. The normal petals have 
been removed. 

B.—Petalody in a cross between Compass and Satsuma. The normal petals have 
been removed. 

C.—An extreme instance of pistillody in a hybrid, parénts uncertain. 

D.—Pistillody in a P. triflora cross in which only part of the stamens are affected. 

E—Embryo abortion in a cross between Compass and Yellow Egg. These plums 
abscissed at the base of the plum and fell two weeks or so before maturity. The 
embryos in these cases aborted early in development but the plums reached nearly 
the normal size. 

F.—A series showing the extremes in embryo growth in plums which were falling, 
in a cross between Minnesota No. 21 and Burbank, 82 days after pollination. These 
plums were 15 to 20 mm in diameter and the stone tissue was hard. In one seed 
of which sections were made the embryo was only 16 cells across. 

G.—Ovule development in Stella (P. americana X P. triflora). The embryo can 
be found in only an occasional seed of this size but fertilization has taken place. 
The seed coats are brown on the three at the right. These plums were falling about 
one month after bloom. 

H.—The relative size of the two ovules in a cross between Minnesota No. 21 and 
Burbank. At the extreme right both embryos are fertilized and are of nearly equal 
development. In each of the others one is being suppressed but not until an enlarge- 
ment has taken place approximately equal to that in the unfertilized pistils. 

I.—The variation in the suppressed ovules in Stella compared with the normal de- 
velopment at the left. In this variety two seeds are often found in a pit and there is 
generally a partial development in the suppressed ovule. 

J.—The suppressed ovules in Assiniboin (P. nigra). The normal seed is shown at 
the left. The difference between Assiniboin and Stella is largely in the time of sup- 
pression. In Assiniboin the second ovule is uniformly suppressed before bloom, so 
there are not normal embryo sacs to carry enlargement forward to the size of un- 
fertilized ovules. 

K.—A series in embryo development when English Morello was crossed with Com- 
pass. Those fruits with aborted seeds grew to nearly the normal size but turned yel- 
low and fell before maturity. Fertilization had taken place. 

L, M.—Fruit buds borne in one-year-old terminal twigs. These seldom set fruit 
in the plum. If all flowers at each node set fruit there would be 6 to 12 fruits borne 
at each node ;—this is physically impossible on account of the weakness of the twigs 
if not from the standpoint of nutrition. L, Minnesota No. 21. M, Surprise. 

N.—Fruiting spurs borne on the two-year wood of Burbank. There must also be 
a great reduction in the number of flowers borne on each spur as at each node on 
the one-year wood. These instances illustrate the profuse production of flowers in 
the plum. 


‘ 
| 
| 
a 
i 
é 
I 
hi 
4 
& 


Dorsey, M. J., A sTUDY OF STERILITY IN THE PLUM PLATE 4 


. - 


Genetics 4: S 1919 


| LF 
L M 


— 


BAST 


he 
| 
| 
| 
f 


A STUDY OF STERILITY IN THE PLUM 487 


Strout, A. B., 1917 Fertility in Cichorium intybus: The sporadic appearance of self- 
fertile plants among the progeny of self-sterile plants. Amer. Jour. Bot. 
4: 375-395. 
1918 Fertility in Cichorium intybus: Self-compatibility and self-incompatibility 
among the offspring of self-fertile lines of descent. Jour. Genetics 7:71- 
103, pl. 4-6. 
Surron, Ipa, 1918 Report on tests of self-fertility in plums, cherries and apples at 
the John Innes Horticultural Institution. Jour. Genetics 7: 281-300, fig. 1-3. 
TiscHter, G., 1908 Zellstudien an sterilen Bastardpflanzen. Arch. Zellforsch. 1: 33- 
151, fig. 1-120. 
W. D., 1918 Sterility in the strawberry. Jour. Agric. Res. 12: 613-670, 
fig. 1-4, pl. B-E, and 35-36. 
Waite, M. B., 1894 The pollination of pear flowers. U. S. Dept. Agric. Div. Veg. 
Physiol. Path. Bull. 5, 86 pp. 12 pl. 
1905 Sterility in Japanese plums. Amer. Agric. 75: 112. 
WaucH, F. A., 1896 The pollination of plums. Vermont Agric. Exp. Sta. Bull. 53, 
pp. 47-65, fig. 1-6. 
1897. Problems in plum pollination. Vermont Agric. Exp. Sta. Ann. Rep. 10 
(1896-1897) : 87-98. 
1898 Problems in plum pollination. Vermont Agric. Exp. Sta. Ann. Rep. 11 
(1897-1898) : 238-262. 
1899 The pollination of plums. Vermont Agric. Exp. Sta. Ann. Rep. 12 (1898- 
1899) : 189-209, fig. 1-3 
1900 Further work in plum pollination. Vermont Agric. Exp. Sta. Ann. Rep. 
13 (1899-1900) : 355-362, fig.1-3. 
1901 Plums and plum culture. 371 pp. New York: Orange Judd Co. 
Wuirrte, O. B., 1917. Variation in apples as determined by the position of the fruit 
in the fruit cluster. Proc. Amer. Soc. Hort. Sci. 1917: 71-73. 


Genetics 4: S 1919 


_ 


488 M. J. DORSEY 


LEGEND FOR PLATE 5 


A—P. virginiana. Showing nearly an even development of both ovules at bloom. 

B.—P. virginiana. The suppression of one ovule before fertilization. 

C.—Cheney. The suppressed ovule 11 days after bloom. This is an extreme case 
of degeneration in the nucellus. 

D.—Minnesota No. 12 X Minnesota No. 21. The crowding of the suppressed ovule 
17 days after pollination. ; 

E, F—Manitoba. The condition of the ovules in flowers with aborted pistils which 
fell soon after bloom. 

G.—Minnesota No. 35. Showing the slight elongation of embryo sac 14 days after 
bloom when pollination was prevented by snipping the stigma. 

H.—Minnesota No. 35. A later stage of G, showing the extension of the embryo 
sac 23 days after bloom. 

I—Yellow Egg. Self-pollinated. Illustrating the embryo development two months 
after pollination and the three tissues in the seed, namely, a, embryo; b, endosperm; 
c, nucellus; and d, integument. 

J.—Minnesota No. 35. The extension of the canal in a pistil 34 days after bloom in 
which fertilization had been prevented by snipping the stigma. Compare the slight 
embryo-sac extension with G and H. 

K.—Assiniboin. Showing abscission layer at base of plum 12 days after bloom. 
Pistil from one-year terminal shoot. In this pistil fertilization has not taken place 
and the egg is degenerating. Plums of this type constitute the second drop. 

L, M.—Minnesota No. 21. Pollen on a self-pollinated stigma 24 hours after pol- 
lination. Tree grown in greenhouse. Note the pollen-tube growth in self-pollinated 
stigma. Some normal-appearing grains have not germinated. Aborted grains have 
not sent out tubes and the empty coats of grains that have germinated are still present. 
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THE GENESIS OF TWINS 


R. A. FISHER 
Great House Cottage, Bradfield, Berkshire, England 


[Received April 2, 1919] 


In 1905 an investigation of the resemblance which exists between 
twins, was carried out by Epwarp L. THORNDIKE (1905) of COLUMBIA 
University. The work was well designed to elucidate the extent and the 
nature of the resemblance between twins of school age, both in mind and 
body. Nevertheless the results differ so widely from expectation upon 
the current theories of heredity and the genesis of twins, that they have 
not been incorporated among the generally recognized facts of inheri- 
tance. It is proposed to examine the results from this point of view, 
and to suggest a theory of the genesis of twins which appears to reconcile 
the differences. 

The correlations found in six mental traits range from .69 to .go with 
a standard error of about +.05, while the eight physical traits range 
from .71 to .86 with a standard error +.06. There is thus a consider- 
able degree of agreement between different traits, and a general level 
of correlation not far from .80. This is an astonishingly high value. 
Fraternal resemblance is usually not far from .54, so that 46 percent of 
the variance of the population occurs within the sibship; according to 
these figures, variance within the twinship must be rather less than half 
this quantity. 

Upon the supposition that some of the twins are related fraternally 
and some are identical, the latter contributing little or nothing to the 
variance, at least half of the 50 pairs of twins covered by this investi- 
gation must be identical twins. This suggestion is supported by the dis- 
tribution of the sexes, for out of 50 pairs of twins only 9 are of differ- 
ent sexes. Nevertheless it is quite incompatible with the actual figures, 
as THORNDIKE has shown under the heading “Specialization of re- 
semblance.” 

It is impossible to pick out any pair of twins, much less any large 
group of twins, which resemble each other closely in all features. But 
we can go further than this. The variable used by THornprxKE, to 
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measure the resemblance between any pair of twins in any factor is 
r where 
any 


r Piy 
and « and y are the deviations of the two twins. 

When x and y are the coordinates of a point on a plane, r is constant 
along any line passing through the origin, that is along any diameter 
of the frequency distribution. If @ is the angle between’ this diameter 
and either axis the distribution of the values of r may thus be used to 
investigate the frequency surface. 

The distribution of the observed values of r is peculiar; there are con- 
centrations at both extremes, especially near to +1; of 234 values de- 
rived from 39 pairs of twins for 6 physical traits, no less than 102 are 
above .895, and of these 27 exceed .995. THORNDIKE suggests that the 
form of distribution of twin resemblance is a unimodal curve compar- 
able with that for the number of children in different families, but in 
this he overlooks the effects of sampling. 

For a perfectly homogeneous, normally correlated population, the 
chance of any observation falling within the range dx dy is 

x 
s2 
I 20° (1—p*) 
df= ———_¢ dx dy 
2m o* \/I 

where p is the correlation. If s be the distance from the centre, and @ 
the angle the radius makes with the axis of +, then 

cos y=s sin 

dx dy=sd6ds 


and 
I — p sin 2 0 
I 2 (1 — p?) 
df ———_———_-e sdsd@; 
1 —p* 
dr 
remembering that sin 2 6 = r, and d 6 = —_—__—. 
2Vi—r 
it follows that 
I — pr s? 
I 1— 20? dr 
éf = e 


2m — p* 
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On integrating this expression with respect to s from 0 to © the fre- 
quency within the elemental sector dr is 
—p’) dr 


\/ I — I—pr 2Vvi—F 
but four equal elemental sectors have the same r; so that the frequency of 
a random sample falling within the range dr is 


dr 


7 
This expression specifies the curve of random sampling : by integrating 
with respect to r we obtain for the frequency of samples less than r, the 
expression 


I+ p I—r 

As soon as we examine the curve it is evident that it agrees well with 
the observed values of r. The ordinate becomes infinite at +1, thus ex- 
plaining the concentrations at the extremes, there is no mode, but the 
expression for the probability integral shows that the median (f = %), 
is atr—p. This is a sufficient guide in fitting the curve to the observed 
data. The medians for the 6 traits range from .80 to .88, and the median 
of the whole group is .85, 

In order to test the agreement between this curve and the observed 
values, the sextiles are calculated from the probability integral and the 
range thus divided into six divisions of equal frequency; the results 
are shown in table 1. 

P, the chance of a worse fit by random sampling, being .46, the distri- 


bution of the values of r is satisfactorily explained as being due solely 


to chance. It is likely, then, that the twins form a homogeneous group, 
with the correlations of the physical traits all not far from .85. 

To make a more thorough test of homogeneity it is necessary to de- 
termine whether there is any correlation between the resemblances of 
the same pair of twins in different traits. For this purpose the variable 
r is not suitable. Its curve of distribution is far from normal and the 
end of its range is so cramped that 12 percent of the observations fall 
into one four-hundredth of the range. In addition the curve changes its 
form rapidly as p is altered, and since we are examining the possibility 
that different pairs of twins are samples corresponding to different values 
of p, it is essential, if the correlation is to be at all intelligible, that the 
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TABLE 11 
Frequency 
p= 85 Frequency Difference d? 
— 1.000 
a 39 35 —4 16 
— — 
39 47 +8 64 
+ .609 
39 36 ~3 9 
+ 850 
30 31 —8 64 
+ .947 
39 44 +5 25 
+ .9884 
39 4! +2 4 
+ 1.0000 x’ = 4.67 P= .46 Total 182 


1In this table THornprke’s figures are used without correction; a more complete 
test, using the corrected figures divided into thirteen groups, gives an even higher 
value, P = .7o1. | 

i 


curve, though varying in position, should be approximately constant in 
form. 
It so happens that the distribution 
dr 
7 (1—er)VI—r 
is capable of a transformation which precisely fulfills these conditions, 


df= 


I+r 
for writing 2s = log,———_, that is, r = tanh z and p = tanh ¢ we have 
I—r 


I 
df sech (zs —¢) dz 


a curve symmetrical about the centre, ¢, and falling off exponentially 
when (z— ¢) is large (figure 1). 

The observed values of < may be found either from those of 7, or as 
is desirable for high values, directly from the observations, for if + and 


y are the two measurements, s == log, ———. There remain a few cases 


in which the measurements are identical, and s nominally infinite, but 
a consideration of the units in which the measurements are made, and 
of the manner in which the probability of any assigned value of z falls 
off when s— is large, is sufficient to restrict the value of z, with fair t 
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probability to sufficiently narrow limits. The figures obtained in this 
way are given in table 2. 

When the resemblances have been expressed in terms of the new vari- 
able, a correlation table may be constructed by picking out every pair of 
resemblances between the same twins in different traits. The values are 
now centered symmetrically about a mean at 1.28, and the correlation is 
found to be —.016 +.048, negative but quite insignificant. The result 
entirely corroborates THORNDIKE’Ss conclusions as to the specialization of 
resemblance; it further shows that in the population here considered, 
there are neither discontinuous nor continuous gradations of similarity; 
the population is strictly homogeneous. 

The mean value 1.28, corresponds to p = .856. The transformation 
has not however, been made in order to determine the mean resemblance, 
but to test the homogeneity of the population. The value of the correla- 
tion which best fits the data may be found with less probable error, from 
the product-moment correlations; the mean of the values given by 
THORNDIKE is .79, and this value is to be preferred to the other. The 
differences in the mean resemblances of the six traits taken separately, 
are not statistically significant. 

Another way of examining the distribution of resemblance is to take 
the means of the 6 transformed resemblances for each pair of twins. In 
figure 2 is shown the distribution of the 39 means, together with the 
curve of distribution on the supposition of uniform origin. The shape 
and width of this curve do not depend on the position of its centre; in 
the figure it is centred on the actual mean of the resemblances, 1.28. 
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494 R. A. FISHER 
TABLE 2 
Head 
‘ Height : Head | Cephaiic 
Height sitting H/H.S circum- width index Total Mean 
ference 
I 2.45 4.80 1.10 2.10 1.25 3.18 14.88 2.48 
2 13 2.52 2.76 1.79 2.01 2.34 11.55 1.93 
5 64 75 .25 2.56 1.61 12 5.93 99 
6| — .16 1.61 2.20 2.83 .08 47 7.03 1.17 
7 03 — 8&8 3.81 — .22 1.61 4.35 ja 
8 2.07 1.82 1.45 1.39 1.19 2.66 10.58 1.76 
9 75 2.05 —1.61 — .74 2.83 2.02 5.30 88 
10 1.82 1.65 2.57 3.04 1.05 .57 10.70 1.78 
Ir | — .09 89 3.93 fe) 2.92 3.02 10.67 1.78 
12 .26 2.20 2.03 1.16 2.40 46 8.51 1.42 
13 99 14 17 | — 6 1.35 44 2.40 -40 
16 43 —1I.22 — .30 2.17 1.39 3.80 6.36 1.06 
17 1.47 2.83 2.06 1.85 2.30 1.79 12.30 2.05 
18 1.24 1.26 0 51 — 41 3.72 6.32 1.05 
19 2.80 3.25 2.20 4.39 — .16 —I1.44 11.04 1.84 
20 1.90 4.32 — .14 fe) 2.48 2.63 1.19 1.86 
21 ° 86 ° 87 1.89 2.80 6.42 1.07 
23 5.41 2.71 2.71 41 —2.17 — 89 8.18 1.36 
24 93 2.40 0 —1.95 69 2.37 4-44 74 
25 2.86 .37 —1.95 1.03 2.71 73 5.75 96 
26 4.10 3.64 1.61 1.36 47 1.24 12.42 2.07 
27 .36 1.85 88 2.51 3.29 2.24 | I1.13 1.85 
28 1.01 1.49 5.03 —1.10 2.40 — .16 8.67 1.44 
29 -35 — .2 —3.22 — .51 67 .93 —2.04 — .34 
30 5.14 .99 1.39 29 1.39 14 9.34 1.56 
31 1.12 .06 2.20 1.77 3.00 1.39 10.44 1.74 
32 | —I.10 2.50 1.81 2.80 2.20 85 9.15 1.53 
34 1.34 51 — .13 69 2.25 1.47 6.13 1.02 
35| 270 4.27 1.73 1.69 1.39 | — .24 11.54 1.92 
36 3.13 3.56 2.46 —2.17 —2.67 4.65 
37 1.97 62 1.25 1.10 oO 47 5.41 .90 
38 1.28 1.95 34 —2.89 93 2.54 42 
40| — .46 —2.30 74 45 o —1.21 2.22 .37 
41 | —1.22 —.1I .57 92 1.95 2.23 4.34 72 
43 | — .24 .37 4.50 1.61 3.45 2.04 12.63 2.10 
44 890 14 45 1.22 1.82 —1.05 3.47 58 
45 2.20 .92 1.69 1.10 59 1.10 7.60 1.27 
47 1.86 2.75 (0) 2.20 69 2.11 9.61 1.60 
50 1.50 — .07 46 1.10 1.10 3.18 7.27 1.21 
Total} 51.86 57.090 48.61 45.18 49.30 48.38 300.42 
Mean 1.33 1.46 1.25 1.16 1.26 1.24 1.284 
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FIGURE 2 


For unrelated children the curve would be centered at A(p =o), for 
brothers we should expect it to be near B(p=.54), and for identical 
twins not far from D(p = .96) ; the conclusion that the origin of twins 
is uniform, which we have drawn from the absence of correlation be- 
tween the resemblances of the same pair, is equally demonstrable from 
the distribution of the means. If, for instance, it were supposed that 
some of the twins were of fraternal origin, we should expect half of 
these to lie above and half below the point B. As a fact only 5 in all lie 
below B, so that we cannot reasonably suppose that more than 10 are of 
fraternal origin. Exactly the same argument shows that not more than 
8 are identical twins, leaving at least 21 pairs to be accounted for by 
some new hypothesis. But in taking away the 9 extreme values as fra- 
ternal or identical twins, we have left the remainder with a variance con- 
siderably less than that to be expected from chance alone. There is in 
fact no excess at the extremes to be disposed of: the group is apparently 
quite homogeneous. 

The same conclusion follows if we consider the 8 pairs of twins of 
different sexes. These must supposedly all be fraternal twins; but only 
one of them lies below B. The mean is at 1.04, corresponding to p = .78, 
slightly lower than the general average, but not unreasonably so for 
such a small sample, even if the different rates of development of boys 
and girls leaves the figures strictly comparable. The results are certainly 
unfavorable to the view that these twins are fraternal. 

Both curves fit the data exceptionally well. For the distribution of all 
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resemblances (figure 1) the chance of a worse fit by random sampling is 
.701 ; for the distribution of mean resemblances (figure 2) it is .745. 

The fact that the observations examined critically show themselves 
to be a strictly homogeneous population, with correlation much larger 
than that between sibs, requires a new theory of the genetic connection 
between twins. It is here suggested that the facts may be explained by 
the supposition that twins ordinarily share the hereditary nature of one 
gamete but not of the other. 

This theory may be tested by the methods explained in a recent paper, 
(FisHer 1919). If the alternative types of gamete of any Mendelian 
character occur in the ratio p:q, then a pair of twins will exhibit dif- 
ferent combinations of the three possible phases, with the frequencies 
shown in table 3. 


TABLE 3 
First Twin 
Second twin Dominant Heterozygous Recessive 
Dominant ........, p2(p q) pq, 
Heterozygous .... 3/2 palb+a) | Ye pq 
Recessive ........ | 


If i, j, and k are the deviations from the mean corresponding to the 
three phases, the contribution of this phase to the Pee of 
pairs of twins must therefore be 


(pt +P qi j+3/2 pq(pta) j 
and this reduces to 4 8° + % ® where f° is that portion of variance 
due to this factor which is regularly inherited, and ® is the remainder 
due to dominance. If mating were at random, then, the correlation be- 
tween twins would be 


where 7’ and & are the totals of the elements 8° and 8 contributed by the 
different Mendelian factors, and o* is the sum of 7? and &. This may 
be compared to the value found for the fraternal correlation, 


I 

2 of 
and for the paternal correlation 

20 


upon the same assumptions. 
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Neglecting environment, and which is far more important, assortative 

mating, we should have 

t=2f—%p 
where t, f, and p are the correlation between twins, the fraternal and 
the parental correlations. 

As a preliminary test we may take the figures for stature 

f = 5433, p = .5066, 
whence t == .8300, 
a result evidently about the right magnitude. 

It would not be correct to be satisfied with this verification, for the 
values of the fraternal and parental correlation could not be so high as 
they are if mating were at random. It will be found, however, that 
assortative mating affects these correlations nearly proportionally. 

Following the methods before alluded to, it may be shown that 


4 


where c, and c. are reduction factors for environment and dominance 
respectively, and A the genetic association due to assortative mating. 

The correlation between husband and wife is probably due to two 
distinct causes, the relative importance of which differs in different traits. 
If it were due to direct selection, which is probably the principal cause 
in the case of stature, we arrive at the-formula 


ite. 


where » is the marital correlation. Taking » = .2804, this gives t= .818. 

If on the other hand the marital correlation be due to indirect selec- 
tion, as is apparently the case with span, we have 

t= 3f — 3/2 p— Ye; 
substituting the values for span, » = .1989, Pp = .4541, f = .5351, we 
obtain 

t= 825. 

Evidently the agreement with the actual observations is extremely 
close. 

The theory of the genesis of twins suggested above is in accordance 
with the well known fact that the father plays an important part in the 
causation of twinning. If the twins were formed from separate ova, 
fertilized by two different spermatozoa, it is difficult to see in what 
manner the father could influence their production. In the supposed 
case of identical twins formed by the division of a single zygote, the 
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tendency of the zygote to divide should indeed be inherited equally from 
either parent, but it is not easy to believe that in all the instances of 
paternal influence we are concerned with identical twins. 

In an instance given by WaAKLEy’ (1895), of two twin brothers, 
one has a pair of twin sons, and five singly born children, the other 
one son; the former has through his sons three pairs of twin grand- 
children, at least one pair being of opposite sex; the latter one pair of 
twin granddaughters. In this case a tendency to twinning, but not neces- 
sarily identical twinning, is carried by the fathers. 

If we suppose that in certain cases the ovum after maturation is in- 
duced to divide into two identical portions, which are fertilized by dif- 
ferent spermatazoa, not only is the observed resemblance of twins nu- 
merically explained, but the influence of the father is open to reason- 
able explanation. The division of the ovum presumably takes place 
during fertilization, under the direct influence of the two spermatozoa. 

DAVENPORT mentions that besides the families in which the twinning 
tendency is carried by the males, there are other families in which it is 
inherited in the female line. The theory here put forward requires that 
the male and female gametes should be required to play different parts 
in the formation of twins, and the existence of two heritable qualities, 
the one affecting males, and the other females, is a definite confirmation 
of the theory. ) 

The facts regarding the sex of twins are also in agreement with the 
above theory. It is generally agreed that sex in man is determined by i 
the spermatozoon, so that the identity of the ovum does not necessitate 
identity of sex. The preponderance of twins of like sex, does indeed be- h 
come a new problem, because it has been formerly believed to be due 
to the proportion of identical twins. So far as I am aware, however, no 
attempt has been made to show that twins are sufficiently alike to be re- 
garded as identical really exist in sufficient numbers to explain the pro- 
portion of twins of like sex. 

At least two circumstances do suggest that twins should be more often 
than not of like sex. For an ovum to divide and unite with two sper- 
matozoa, instead of normally with one, it would seem to be essential that 
the spermatozoa should enter simultaneously and prepare themselves for 
union with equal speed. It may be that the necessary equipoise of at- 
tractive forces is more likely to be maintained between spermatozoa of 
like sex than between those of unlike sex. r 

In the second place much evidence has been adduced, for example by 
HERIWIG (1912) in the case of frogs, and by PEARL and PARSHLEY 
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(1913) in that of cattle, that ripeness of the ovum at fertilization is 
a factor in sex determination. This belief is not opposed to belief in 
the determination of sex by the spermatozoa, since it is possible that 
ova at various stages of ripeness exert selection among the gametes 
about to fertilize them. If, however, this belief in the effects of 
ripeness is well founded, it would explain why ova of the same age 
should tend on the whole to develop like sexes. On the other hand, 
if ripeness is an important factor, twins formed from different ova, 
and these must be upon the existing theory the majority of twins, 
should be generally of opposite sex, since ova simultaneously available 
for fertilization would ordinarily differ much in ripeness. 

We may conclude then, that of the ascertainable facts concerning 
twins, the measurable degree of resemblance, the existence of paternal 
influence, the inheritance of male and female tendencies to twinning, all 
favor the supposition as to the origin of ordinary twins here set forth, 
while the distribution of sex in pairs of twins appears to present no 
serious difficulties. 
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